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ABSTRACT 
To assess the impact of application of chemical fertilizers in 
agriculture on the Quaternary aquifer at AI Oha area, United Arab 
Emirates, 76 groundwater samples were collected during February 1995 -
March 1996. Samples were analyzed for major, minor and trace chemical 
constituents in the Food Control Laboratory, Abu Dhabi. 
The Total Dissolved Solids (TDS) of collected samples varied 
between 500 milligrams per liter (mg/I) in the east and 3 ,500 mg/I in the 
west. Except for bicarbonate ion (HC03-), concentration of major cations 
(Ca2+, Mi+, Na+ and K+) and anions (CO/-, sol- and Cn shows a 
general increase from east to west. The increase of salinity and 
concentration of all ions from east to west occurs in the direction of 
groundwater flow, where ion-depleted water from recharge area in the east 
becomes progressively loaded with more iOlls towards discharge areas in 
the west. 
Concentration of nitrate ion (NO,-) in groundwater within the study 
area during February 1995 - March 1996 remained below the limits 
recommended by the World Health Organization (WHO) for drinking 
water (45 mg/I as NO)- or 10 mg/I as NO)--N). Phosphate ion (PO.?") 
shows trace concentrations in groundwater within the study area, 
averaging 0.8 mg/1. With the exception of few local anomalies, 
concentrations of iron (Fe), manganese (Mn), lead (Pb), zinc (Zn), copper 
(Cu), cobalt (Co) and chromium (Cr) shows a general increase from east to 
west. 
Based on the above results, there is no reason to believe that the 
chemical fertilizers used on farm lands at AI Oha area has adversely 
affected groundwater in the Quaternary aquifer. 
iv 
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The fast development in United Arab Emirates during the last three 
decades has lead to a rapid growth in the green cover in general and farm 
lands in  particular. To increase crop productivity, chemical fertilizers are 
widely applied on farms. Excessive use of these fertilizers beyond the crop 
needs may lead to the downward movement of these chemicals, along with 
drainage water, towards shallow groundwater. Repeated use of chemical 
ferti l izers and the free nature of main aquifers in United Arab Emirates, 
may have adversely affected shallow groundwater resources. 
1.1 Location of tbe Study Area 
The study area l ies in the eastern part of the Emirate of Abu Dhabi 
along the border of the United Arab Emirates CU. A. E.) and Sultanate of 
Oman . The reconnaissance study of 1 995 covered the area bounded by 
Longitudes 5 5° 20' and 5 5° 50' E and Lat itudes 24° 10' and 24° 30' N 
(Figure 1 ), whereas the detai led study in 1 996 was limited to the area 
between Longitudes 5 5° 4 0' and 5 5° 50' E and Latitudes 24° 15' and 24° 
30' N (Figure 2). 
2 
1 .2 Objectives 
The main objective of this study is to investigate the effect of the 
use of chemical fertilizers in agriculture on groundwater of the Quaternary 
aquifer at AI Oha area, U. A. E. The specific objectives are: ( 1 )  to 
investigate the hydrogeological conditions of the area, (2) to characterize 
the groundwater chemistry and (3) to assess the effect of application of 
chemical fertilizers in agriculture, specifically N03- and P04
3-, on 
groundwater. 
1.3 Methods of Study 
To achieve the above mentioned objectives, field work, laboratory 
analyses and office activities were achieved during the period from 
February 1 995  to March 1 997 .  
1.3. 1 Field Work 
a. The field work of this study was conducted during two rainy seasons, 
February 1 995 and March 1 996 . 
b. I n  February 1 995,  4 6  groundwater samples were col lected from 
shal low, private water wells tapping the Quaternary sand and gravel 
aquifer (Figure 1 ) . 
c .  I n  March 1 996, 30 groundwater samples were col 1ected from shallow 
wells around AI Oha area (Figure 2). 
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Figure 1 .  Locat ion map of area invest igated in Febrary 1995. Red c ircles 
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F igure 2. Location map of area investigated in March 1 996. Red circles 
represent water wells sampled for the present study. 
5 
d. The local geological and geomorphological features within the study 
area were investigated for their possible influence on groundwater 
within the study area. 
1 .3.2 Laboratory Analyses 
Chemical analyses of collected water samples were conducted in the 
Food Control Laboratory, Abu Dhabi. The author participated in all the 
analyses made for major ions (anions: HCO)-, SO/-, and CI-, and 
cations: Na+, Ca2+, and Mi+), minor ions (K+ and CO/-) and trace 
inorganic constituents (Fe, Mn, Cu, Cr, F, Sr, Ba, Pb, Zn and B) in 
each of the collected water samples. 
1.3.3 Office Activities 
a. Literature searches were made to collect climatological, geological, 
hydrogeological and hydrogeochemical data on AI Oha area. Searches 
were conducted at AI Ain Water and Electricity Department, the 
Central Library of the U. A. E. University and AI Ain Department of 
Agriculture. 
b. Analysis of the climatological data of AI Oha meteorological station for 
the period 1 97 1 - 1 995 . 
6 
c. Presentation of the results of chemical analyses of water samples on 
relevant charts, graphs and diagrams. 
d. Study and interpretation of the results of field and laboratory 







GEOMORPIIOLOGY AND GEOLOGY 
The study area is covered by a rock sequence ranging in age from 
the Cretaceous to the Quaternary times. The rock types, geological 
structures and the prevailillg climate are the factors controlling the 
ruTIOWlts of surface runoff and groundwater recharge in AlOha area. In 
this study, special emphasis was given to the Quaternary sand and gravel 
aquifer at Al Oha area because its water is used for domestic as well as 
agricultural purposes. 
The objective of this chapter is to describe the exposed rock types 
within the study area and evaluate their effect on groundwater chemistry in 
the Quaternary sand and gravel aquifer. 
2.1 Geomorphology 
In addition to field surveys; the study of topographic maps, aerial 
photographs and satellite images enabled recognition of the following 
geomorphic features in the study area: (I) mountains, (2) gravel plains and 
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Figure 3. Geomorphological map of the study area, s implified from the 
1993 Nat ional At las of Uni ted Arab Emirates (Antar, 1996) .  
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2. 1 . 1  Mounta i ns 
Jabal Hafit ,  Jabal A I  Oha, Jabal Az Zarub, Jabal Malaqet and Jabal 
Mundassah are encountered with in the study area .  Among these, Jabal 
Hafit is the most prominent . It is located southeast of AI Ain (Lati tudes 
24° 02 ' -24° 1 3 '  N and Longitudes 5 5 °  44'- 5 5 °  49' E) and has a l ength of 
about 29 km, an average width of 5 km and a max imum elevation of 1160 
m above sea leve l .  The shape of Jabal Hafit i s  detennined by i ts ant ic l inal 
structure and the rocks fonning i ts core are primari ly composed of 
l imestones and dolomites CRus Fornlat ion) .  The mountain has a whale 
back fonn with beds dipping east and west off the fold  axis  which runs in a 
nort h-south d i rect ion .  North of the core, l imestones and marls of the 
Dammam Fonnation are eroded foml ing a low-lying area of smal l h i l l s  
enclosed between ridges of the Asmari Fonnation .  The eastern l imb of 
Jabal Hafit  i s  characteri zed by landsl ides because of h igh d ip angles 
(average 70°) in addi t ion to the presence of mar l  beds alternat ing with 
l imestones. 
Jabal Malaqet and Jabal Mundassah are considered part of the 
Oman Mountains and are located approximately 17 km east of Jabal Hafit . 
The two mountains  fonn asymmetrical ant ic l ina l  struchlres with their 
eastern l imbs fonning the main part of the exposures . The western l imbs 
fonn disconnected strike  ridges and are more subdued. These mountains 
1 0  
rece Ive a re lat ive h igh ra i n fa l l  a n d  represent t h e  recharge area for the 
Quatemary sand and gravel aqu i fer in Al  Oha and Al Ain areas. The low 
dissol u t ion of  hard ophio l i t ic rocks fonning Jabal Malaqet and Jabal 
M undassah is  respons ib le  for the exce l l ent-qua l i ty groundwater in the 
eastem part of  the study area . 
Jabal A l  Oha l ies 8 km nort heast of A l  A in  c i ty .  I t  consists of t hree 
NW-SE para l le l  hogback r idges averaging about 1 0  km in length .  The 
ridges represent fau l t  repet i t ions  of t he westem l i m b  o f  the  horseshoe­
shaped southerly-plunging ant ic l ine of Jabal H uwayah exposed further 
eas t .  
2. 1 . 2 G ravel Pla ins 
With in  the study area, grave l p la ins  bound the eastern s ide of the 
Oman Mountains .  These p l a ins  occupy the area be tween the Oman 
Mounta ins  to the east and the sand-dune fie lds in the west . The p la ins  have 
a gen t le s lope from east to west wi th  an average gradient  of 0 .00 1 
(Ghonei m ,  1 99 1 ) . 
I n  the  study area, the grave l p la ins primari l y  cons ist of a l l uvial 
sands and gravel s  t ransported by wadis  d i ssect ing the Oman Mountains .  
The con t in u i ty of  t hese p la ins  i s  loca l ly  i ntemlpted by sand dunes . Wadi 
Tuwayyah t ransverses the grave l p la in  in a NE-SW d i rect ion . A prominant  
















Photo 1 .  The main rock outcrops in the eastern and southeastern parts of 
the study area (AJ Shamsei, 1 993) .  
1 2  
2. 1.3 Sand Dunes 
Sand dunes cover about 75% of the surface area of U. A. E. The 
northern and western parts of AI Oha area are dominated by dune fields. 
Embabi ( 1 99 1 )  attributed the regional and local variations of type and 
pattern of sand dunes to variation in the wind regime, sand supply and 
local relief. The dominant dune type within the study area is the linear 
dunes. Linear dunes occupy the northern and western parts of the study 
area and extend in NE-SW and ENE-WSW directions. These dunes are 
dense and rather dark in colour towards the east due to mineralogical 
contributions by the exposures of ophiolitic rocks, and more lighter in the 
west as the amount of carbonate debris derived from Jabal Hafit increases 
(photo 2). 
Photo 2. Landsat mOSaIC of the eastern part of U A. E. ,  showing linear 
dune patterns. 
1 3  
2.2 Stratigrauby 
Al Oha area is dominated by rocks rangIng In age from Upper 
Cretaceous to Holocene. Based on the work of  Hamdan and Bahr ( 1 992), 
the fol lowing subsect ions present a brief descript ion of the surface 
st rat igraph ic colwnn, from base to top (Figures 4 and 5) .  
2 . 2 . 1 Sema i l  Ophio l i te 
Pre-Maastricht ian serpent in i te and serpent in ized peridot i te of the 
Semail ophiol i te represent the oldest rocks exposed in the eastem part of 
the study area. These rocks fonn the base of Jabal Malaqet and Jabal  
Mundassah i n  t Jle southeastem part of the area (Photo 1 ) . 
2.2.2 Oah lah  Format ion  
I n  Jabal Al Oha, the Qahlah Fonnat ion is represented by gray to 
green mudstone and shale capped by a 3-m thick un i t  of red-coloured, 
chert, pebbl e  conglomerate .  These sediments unconfonnably overly the 
Pre-Maastri cht ian serpent in i te and serpent in ized peridot i te, and are 
unconfonnably overia ined by white l imestone of the S imsima Fonnat ion .  
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Figure 5 .  A composite surface strat igraphical column of  the study area, 
modified by Antar ( 1 996) from Whit tle and Alshrahan ( 1 994) . 
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2.2.3 Si ms ima L imestone 
Small  outcrops of Maastrichtian l imestones belonging to the 
S imsima F onnation are restri cted to the northern end of the western flank 
of Jabal Zarub and a small ridge on the eastern side of Jabal Malaqet . 
These l imestone exposures consist of thickJy bedded, medium to coarse­
grained, gray bioclastic l imestone, which rest unconfonnably on the 
Semml ophiol i te. 
2.2.4 Tertiary Formations 
Outcrops of the Tertiary Rus,  Dammam and Asmari fonnation 
const i tute Jabal Hafit which represents the southern boundary of the study 
area. These fonnations are mainly composed of l imestone and marl 
interbeds. The Miocene sediments are also exposed on the eastern flank of 
Jabal Hafit as interbeds of gypsiferous marl and mudstone bands. 
2.2.5 Quaternary Deposi ts 
Most of AI Oha area is  covered by Quaternary deposits.  Four 
sediment types were recognized by Hunting ( 1 979).  Three of these units 
are described in  the fol lowing subsections, from base to top (Figure 5) :  
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_ . _ . : . 1 Aeol i an  Sand (QQ} 
Sand dunes cover the northwestern and western parts of the study 
r 3 .  The colour of dune-fonning sand changes from red and pink in the 
', �t to a more l ighter colour westwards. The dune sediments are welI-
1 1 1  ed grains of quartz and carbonate with minor proportions of basic 
ul trabasic grains. Sorting is generally poor and no pure sil ica sands 
'lbserved . 
. � . _  Desert P la in  Deposits (Qes) 
These deposi ts occur between dune ridges in  the west and north of 
study area . These deposits are inter-layered lam inated silts, carbonate 
'" . lented and locally show dune bedding. These rocks represent 
paleodunes which have been cemented by gypsum at t imes of higher water 
'abie and have been subsequently re-exposed by ablation .  Sections 
e 'posed i n  barrow pits near Jabal Muhayj ir, north of the study area, show 
inter-layered gravel ,  calcrete, nodular l imestone and calcareous si l t .  
_ . _ . 5 . 3 Fl uvia l  Deposits {Qg} 
Alluvial deposits occur beneath the piedmont plains fingering the 
Oman Mountains and Jabal H afit . These deposits range from boulder 
!:-Tf3vel to conglomerate in the east and fine sand to si l t  further west . A 
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typical section i n  the alluvium of AI Jaww plaID consists of pebbles and 
cobbles of gabbros, serpentinite, limestone and chert set in fine-grained 
matrix of carbonate silt .  At some localities, pebbles are uncemented or 
loosely held together by coarse-grained recrystall ized calcite. These rocks 
are both porous and permeable  and make excellent aquifers. Towards 
AI Ain city and further west, the gravel and conglomerate are replaced by 
inter-bedded sand, silt and calcrete which tend to be more cemented than 
conglomerate. The calcrete is typically white, lacks obvious bedding, 
contains scattered grains of altered igneous rocks and irregular fracture 
surfaces coated with iron and manganese oxides. 
CHAPTER I I I  
HYDROGEOLOGY 
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C HAPTER III 
H Y D ROG EOLOGY 
The object ives of th is chapter are to invest igate the prevai l i ng 
climat ic cond it ions in Al Oha area, natme of the Quaternary sand and 
!:-rravel aqu ifer and surface water - groundwater relat ionship .  
3.1 Climatic Conditions 
Cl imatological data obtained from the Min istry of Agricu l tme and 
Fisheries and those of Al Oha meteorological stat ion for the period 1 97 1 -
1995 were used to invest igate the climat ic condi t ions of the study area. 
The studied c l imat ic e lements inc l ude: ( 1 )  solar rad iat ion [mwh/cm2] ,  (2) 
a i r  temperature rOC] ,  (3 ) re lat ive humid i ty [%] , (4 ) wind speed [km/hr] , 
(5) pan evaporat ion [rrun/day] and (6) rainfa l l  [mm/month ] .  The fol lowing 
i s  a brief d iscussion on each of these elements :  
3. 1 . 1  Sol a r  Rad ia tion  
The U. A .  E. receives the h ighest so lar radiat ion (796 mWh/cm2) in  
June  and the lowest (4 25  mWh/cm2) i n  December, w i th  a general increase 
from December to June  and decrease from Ju ly to September. The average 
20 
annual hours of sunshine in U .  A. E .  is 1 0  hours per day, with a maximum 
of 1 1 .5 hours in May and a minimum of 8.4 hours in December 
(AI Shamesi, 1 993). The high intensity of solar radiation in the study area 
increases water loss through evapotranspiration. 
3. 1 .2 A i r  Tempera tu re 
The mean monthly air temperature in the study area varies between 
1 7°C in winter and 3 5.7°C in summer, and the mean annual air 
temperature is 27°C. The coldest month is January and the hottest month is 
July. The season of high air temperature extends from April to September. 
The air temperature is uniform across the study area, varying between 
27°C in Abu Dhabi and 28°C in AI Oha and AI Hayer. 
3. 1 .3 Rela tive Humid ity 
Generally, the relative humidity in the U. A. E. attains its maximum 
value during the November-March period, and its minimum value in May. 
The mean annual relative humidity in the Abu Dhabi is about 60%, 
decreasing east to 45% near AI Ain and southwest to 200/0 near Liwa. In 
the study area, relative humidity varies between 45% in the east and 55% 
in the west. 
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3. 1 .4 Wind Speed 
Generally, wind speed over the study area tends to be l ight to 
moderate with an annual mean of 1 8 . 5  kilometers per hour (kph) , 
decreasing from north-northwest to south-southeast (Al Shamesi, 1 993) .  
The Shamal wind reaches its maximum speed (4 1 kph) in the spring 
between March and August . October (fall), on the other hand, has the 
lowest records of wind speed (2 - 6 kph). 
3. 1 .5 Pan  Evapo ra tion 
The type of evaporation pan used in the meteorological stations is a 
U .  S .  Class-A pan . The average pan coefficient detennined for the 
U .  A. E .  is 0 . 6  (Ministry of Agriculture and Fisheries, 1 993) .  The mean 
daily pan evaporation for the study area is 1 0  mm . 
3. 1 .6 Ra infa l l  
The average annual rainfall i n  the U .  A .  E .  i s  1 1 9 mm . However, in 
wet years, for example, 1 98 1 - 1 982, the mean annual rainfall was 282 nun, 
reaching more than 450 mm in some mountainous areas . In 1 995- 1 996, 
rainfal l recorded in AI Oha meteorological station was 200 mm . In dry 
22 
years, for example, 1 983- 1 984,  the mean annual rainfall was only about 40 
nun in Abu Dhabi . 
Based on records of eight meteorological stations for the period 
1 97 1 - 1 992 Antar ( 1 996) constructed an iso-hyetal map for AI Ain area 
(Figure 6) .  This figure shows that the mean annual rainfall ranges from less 
than 70 mm east of the Abu Dhabi International Airport to more than 1 40 
rnm in Masfut in the northeast . It also shows that the annual average 
rainfall on AI Oha area is about 65  mm . 
3.2 Hydrogeologic Conditions 
AI Oha area l ies III an arid belt characterized by low rainfall and 
high evapotranspiration . The main objectives of this section are to study 
the nature and hydraul ic  properties of the Quaternary sand and gravel 
aquifer in AI Oha area, which control the surface water - groundwater 
relationship. 
3.2 . 1 Su rface Water 
The mean mmual runoff from the main wadis in U .  A. E .  during the 
ramy season is about 1 20 mil l ion m3 (Al Asam, 1 995) .  Within the study 
area, the main wadi which can carry water during heavy rain stonns is 
Wadi Tuwayyah which runs from Oman mountains in the northeast, 
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Figure 6. I so-hyetal (nun) contour map of the Al Ain area for the period 
1 97 1 - 1 992 (An tar, 1 996) .  
across the gravel plain to the sand-dunes fields in the southwest . In the 
present, tIlls wadi does not carry surface runoff. H owever, groundwater 
recharge may be taking place as subsurface flow through the al luvial wadi 
beds. Unfortunately, there is no gaging station in this basin and no 
discharge measurements are available. 
3.2 .2  G roundwater  
The gravel plain ill the eastern part of AI Ain area receives a good 
amount of fresh water through groundwater flow from the northern Oman 
mountains further to the east. TIllS fresh water recharges the Quaternary 
al luvial aquifer which underl ies the eastern part of the study area. In tIle 
western part, the sand-dlme aquifer contains large amounts of good-qual ity 
water. The Quaternary sands and gravels represent the most important 
aquifer in  AI Oha area. It consists of fine to coarse sands and gravels and 
is recharged from the Oman mountains i n  the east through several buried 
channels. The aquifer is characterized by high porosity, high permeabil ity 
and low sal inity .  In AI Ain area, several groundwater fields tap tIlls aquifer 
and produce large amounts of water from i t .  
The Quaternary sediments are represented by gravel and 
conglomerate outhwash fans deposited by flood flows from the Oman 
Mountains. These outhwash fans cover older geologic units and infi l l  
shallow depressions result ing in  a relatively featureless plain sloping from 
25 
a t to west . These sediments thicken toward the west and as much as 400 
m of sediments were encountered in a borehole in  the western side of Jabal 
Hafit (Gibb and Partners, 1 970). 
The Quaternary deposits become fine-grained toward the west away 
from the mountain source area, thereby reducing their potential as a source 
of good-quantity or quality groundwater. The Quaternary sediments 
represent the only sign ificant aquifer in Al Oha reglon and the main 
regional source of fresh and brackish water in the Abu Dhabi Emirate . 
3 . 2 .2 . 1 Hvd ra u l ic-Head M ap 
Based on h is  fie ld work In March 1 996 and well- logs data, 
Garamoon ( 1 996) constructed a depth to groundwater map for the 
Quaternary aquifer of Al Ain area (Figure 7). Thi s  map shows the depth to 
groundwater in Al Oha area is  about 30 m below the ground surface, 
increasing to the north and south . The cont inuous increase of depth to 
groundwater in  Suweyhan (50 m) and AI Ain (90 m) is a result of 
excessive groundwater pumping for different purposes.  
The 1 995 hydraul ic-head map of the Quaternary aquifer in the study 
area indicated the presence of two major cones of depression centered east 
of Suweyhan and west of Al Ain areas . The presence of these cones 
reflects the effect of heavy groundwater abstraction on groundwater levels  
within the  study area.  
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Figure 7 .  Depth-to-water ( m )  contour map of the  Quatemary aquifer in  
AI Ain  area in  February 1 99 5  ( Garamoon , 1 996) .  
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3.2.2.2 G ro u n d wa t e r  Recha rge 
For estimating groundwater recharge, Hyde ( J  992), subdivided 
Al Ain area into three reg ions : the piedmont plain, north em basin and 
southern basin . The north em basin includes Al Jaww plain, A1 Ain city, 
the nortJlem dunes and western region. The southem basin includes the 
southern desert area. 
Recharge to both bas ins originate primarily as mnoff from the 
northern Oman mountains. In the northem basin, which includes A l Oha 
area, surface flow through the wadis occasiona l ly reaches the area and 
recharge occurs by direct infiltra t ion. More onen, however, the surface 
flow ceases before it reaches the northern basin, and recharge occurs 
through alluvial deposits, principally in buried wadi channels. Small 
amounts of recharge occur by direct infiltration, a lthough it requires a 
high-intensity rainfa l l  in order to overcome soi l  moisture requirements. It 
has also been suggested that recharge occurs as flow through fractures in 
surrounding l imestone ridges or as upward leakage from underlying 
aquifers. However, data are not available to substantiate these 
assumptions. 
Based on a 1 5 5 I l l l l l  mean anllual rainfall, a catchment area of 1 460 
km2, type of sediments, porosity of surface sediments, topographic slope 
and that 1 0- 1 5% of ra infa l l  will recharge the Quatemary aquifer in the 
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northern basin ,  Hyde ( 1 992) estimated the recharge to northern basin of 
AI Ain area as 1 5  million m3jyr. 
Hyde ( 1 992) also estimated the recharge to the southern AI Ain 
basin based on groundwater gradient, transmissivity and length of 
boundary to be about 1 4  million m3jyr. Therefore, the total recharge to 
AI Ain area may approximate 29 million m3jyr. 
3.2.2.3 G roundwater Storage 
In his work on U. A. E . ,  Hyde ( 1 992) estimated the total storage of 
fresh water in the Quaternary aquifer of AI Ain area to be 2,600 million m3 
and the total storage of brackish water to be 1 8,000 mil lion m3. Therefore, 
the estimated total storage of fresh and brackish water in AI Ain area is 
20,600 mil lion m3 . 
3.2.2.4 G roundwater Discha rge 
It is interesting to mention that the decline of groundwater levels 
started as early as 1 966 (Gibb and Partners, 1 970). However, this decline 
was only about 2 m in areas where heavy groundwater pumping for 
irrigating date palm groves and orchards gardens took place. Since 1 970, 
the abstraction of groundwater in AI Ain area has increased excessively, 
mainly through wells equipped with mechanical pumps. Numerous well 
fields exist, some having as many as 1 00 wells .  Very few of the well 
fieJds, and even less of the agricultural and private wells are metered. 
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The two major water users ill A1 Ain area are the Water and 
Electricity Department (WED) and the Agriculture and Forestry 
Department (AFD) of the Municipality. The WED util izes exclusively 
fresh water, whereas AFD uses both fresh and brackish water (Table 1 ) . 
The 1 995 hydraulic-head map constructed by Garamoon ( 1 996) for the 
Quaternary aquifer within the study area shows that the decline in 
groundwater levels has reached 50 m in the central zone of AI Ain city 
(Figure 8) .  
Table ( 1 )  shows that the agriculture, forestry and municipal 
landscaping accounted for 95% of the overall groundwater abstraction at 
A1 Ain region in 1 98 5 .  It also shows that human uses accounted only for 
1 9% of the fresh-water consumption in the AI Ain area in 1 985 .  
Table 1 .  Groundwater abstraction from the Quaternary aquifer m the 
A1 Ain area in 1 985  (Hyde, 1 992). 
User Purpose Fresh Water Brackish Total Percent of 
(Million ml/yr) Water (Million ml/yr) Total 
(Million ml/yr) 
Water and Domestic 1 1 . 8  0 1 1 . 8  FJectricity Municipal 
1 0 . 5  0 1 0 . 5  1 0. 5  Department Landscaping 
24. 1 0 24. 1 
A,ricuJ� DepArtment Irrigation 70. 0 279.0 3 4 9 . 0  7 8 . 7  
Forestry Department IrrigatIOn 0 4 8 . 0  4 8 . 0  1 0. 8  
Total 1 1 6.4 327.0 443.4 1 00 
Since 1 985 ,  A1 Ain regIOn has grown rapidly and municipal 
landscaping, agriculture and forestry have greatly increased . The 1 99 1  
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Figure 8. Potent iometr ic-surface map ( i n  meters relat ive to sea leve l ) , based 
on water l evel s  measured in 1 99 5  and wel l - log data (Garamoon, 
1 996 ) .  
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water use is sign ificantly higher than the 1 985  data l isted above . H yde 
( 1 992) indicated that there has been 27% and 80% increases in fresh and 
brackish grolUldwater usage, respectively, in the AI Ain area during the 
1 985- 1 99 1  period. 
3.2.2.5 Hyd raul ic  Properties of the A I  Ain Aquifers 
The Quaternary sediments in  the AI Ain area I S  represented by 
alluvial gravels in the east (AI Jaww plain) and within the city, and eol i an 
sands in  the north, northwest , west and southwest . The Cretaceous 
l imestone, especially at Jabal H uhayjir north of AI Ain, represent a good 
aquifer with high specific capacity wel ls. S ince there is no known deep 
fresh-water aquifer in the area, water in these fractured l imestone rocks is 
apparently derived from the overlying sands and gravels. 
The fol lowing IS the analysis of pumping-test experiments 
conducted by Garamoon ( 1 996) on the eol ian sand aquifer west of 
AI Ain, the alluvial gravel aquifer east of AI Ain and the fractured­
l imestone aquifer in the north .  
The purpose of this analysis was to determine the hydraul ic 
propert ies of AI Ain aquifers, which include transit ivi ty (T) and storativity 
(S). The methods applied are Theis ( 1 935) ,  Jacob ( 1 94 6) and H antush 
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( 1 962 ) .  The results of  appl ication of  the above methods for the aquifers of 
AJ Ain area are l i sted in Table (2) .  
Table  2 .  Transmissivity (T) and storativi ty (S) values of the main aquifer in 
the Al Ain area, calculated by Theis ( 1 93 5 ), Jacob ( 1 948 )  and 
Hantush ( 1 962) methods (Garamoon, 1 996).  
Aq Ulfer Parameter Method 
Tacob Theis Hantush Recoverv Remarks 
Eolian T 42 3 7  76 
sand S 4.9 E-3 4.2 E-3 3 . 0  E-2 
T 5 3 1 2  40 1 1 5 550 1 r = 0 . 5  
S 9.2 E -4 meters 
All uvIal T 5 074 42 1 2  5 1 3 6  4226 r = 1 5  
gravel S 3 . 7  E-4 6 .5  E-4 4 .6  E-4 meters 
T 5953 4642 50 1 9  3 208 r = 3 0  
S 5 . 6  E-4 6 .7  E-4 9 .4  E-4 meters 
Fractured T 5 1 9 505 425 
l i mestone S 2 .6  E-7 3 . 3  E-7 1 .5 E -6 
3.2 .3  Su rface Water - G roundwater Relat ionship 
Because the prevai l ing c l imate within the study area is arid and the 
mean annual potential evapotranspiration (PET) is  much greater than the 
mean annual rainfal l ,  monthly and dai ly water surpluses associated with 
occasional heavy rain stonns acquire a great importance in groundwater 
recharge .  
According to the method described by Boonstra and de Ridder 
( 1 98 1 ), groundwater recharge (R)  of the Quaternary aquifer in Al Ain area 
was calculated by Garamoon in 1 996 . He concluded that a mean annual 
rainfa l l  greater than 1 40 mm can cause groundwater recharge in AJ Ain 
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area. I n  contrast, no grow1dwater recharge is  expected i f  the mean annual 
rainfal l  is l ess than 1 40 mm. Inspection of the rainfal l data of AI Oha 
meteorological station for the period 1 97 1 - 1 995 shows that the annual 
rainfall that can contribute to groundwater recharge occurs once every four 
to five years . Thi s  recharge is  more l ikely to occur during cyc les with the 
same t ime intervals of above-average rainfal l .  
Based on field measurement o f  infil tration capacity ( Ie) o f  sand 
dunes and interdune areas, Garamoon ( 1 996) concluded that the infi l tration 
capaci ty of sand dunes is  three to six times those of the interdune areas 
and gravel plains .  He also noticed that the infiltration capaci ty of both 
dune and interdune areas increases from east to west in the direction of 
increasing sort ing and decreasing the unifonnity coefficient of sediments. 
CHAPTER I V  
HYDROGEOC H EM I STRY 
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CHA PT E R  I V  
I I Y D ROG EOCI I E M I ST R Y  
The objectives of this chapter are to study the distribution of major, 
minor and trace chemical constituents of growldwater in the Quatemary 
aquifer of AI  Gha area; to investigate the effect of climatological 
conditions, geological setting, hydrogeological regime and agricultural 
activities on groundwater chemistry and quality ; and to evaluate the 
suitability of groundwater in the study area for different purposes. 
For this study 76 groundwater samples were collected from private 
wells tapping the Quaternary aquifers i l l  the study area during Febmary 
1 995  (Figure I) and March 1 996 ( Figure 2) .  The electrical conductance 
(EC) (JlS/cm), water temperature ( OC),  hydrogen-ion concentration (pH) 
and total d issolved salt (TDS)  contents in milligrams per liter (mg/I) were 
measured directly i l l  the field. The samples were then analyzed for major 
. + + 2+ 2+ 2- - 2 - -
cations (K , Na , Mg and Ca ), anions (C03 ' HC0.1 , S04 , CI and 
NO)) and trace metals (Fe, Mn, Cu, Cr, Sr, F, Ba, Pb, Zn and B) in the 
Food Control Laboratory, Abu Dhabi. 
Results of complete chemical analyses of water samples collected 
from the study area in Febmary 1 995  and M arch 1 996 are listed in 
Appendices A and B .  
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4. 1 An a ly t i ca l Tec h n i q ues 
The complete chemical analysis of t he  water samples was 
conducted in t he Food and Environment Cont rol Center, Abu Dhabi 
MWlic ipa l i ty, Abu Dhab i .  Di fferent techn iques have been employed for 
analysis .  The fol lowing is  a brief descri pt ion of each of the analyt ical  
methods used i n  the present work : 
4. 1 . 1  I nd uct ively Cou pled P l a s m a  ( f e p) 
A Perk in-E lmer Plasma-400 Em ission Spectrometer was lIsed for 
the analysis of some major (Cn,  Mg,  Nn nnd K) and several t race meta ls  
(Fe, Mn,  Li ,  Sr, Sa, B, Cr,  Zn, N i ,  Pb,  Cu,  Co,  Cd, As and Se) .  The I CP is 
an opt ica l ly t h i n  em ission source fonl led by coupl i ng rad iofrequency 
power in to a stream of argon gas . The argon is  constra ined in to three 
concentric streams I I I  a plasma torch fabricated from fused s i l ica .  A 
toroidal shaped p lasma I S  fonned, and the sample i s  i njected through the 
central tunnel ,  heated to a h igh temperature ( 8000 K)  and t hereby 
atomized to a l arge exten t . Emission from t he exci ted atoms and ions is  
observed at a height of 1 0  to 20 mi l l  above the  load coi l by a convent ional 
spectrometer system .  
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4. 1 . 2 Jon C h ro m otography 
Ion Chromotograph, model Dionex 2020i  was used for the analysis 
of  the an ions :  C l-, F-, NO)-, SO/- and PO/-. TIle Dionex-2020i  ion 
chromatograph is  a dual channe l ,  h igh -performance chromatographic 
system featuring two prec i sion analyt ical pwnps, a dual ch31mel adv31lced 
chromatography module with opt ional column heater and two conduct iv i ty 
detectors .  The modular des ign of the system makes i t  easy to ta i lor  the 
system to individual analyt ical needs . The components are housed in th ree 
sturdy, corrosion-resistant enclosures. The operat ing condi t ions were 1 0  to 
40 °C temperature range and 1900 psi ( 1 29 atm )  maximum pressure . 
4. 1 .3 Atomic  A bsorption  Spectrophoto m etry (AAS) 
This  techn ique was used for the analysis of some major IOns 
(Ca, Mg, Na and K) and several t race metals (Fe, Li , Sr, Ba, B, Cr, Zn, Ni ,  
Pb, Cu, Co, Cd, Mn,  As and Se) .  For detenn inat ion of tota l  metals in  
water, the water sample i s  ac id ified wi th n i t r i c  acid ( 8 mill ) and bo i led for 
4-5 minu tes and then filtered, i f  necessary .  S imu l taneol ls ly a blank, 
preferably i n  dupl icate wi th  deionized water having the same amount of 
n i t ri c  ac id should be nm i n  ident ical cond i t ions .  Th is  b lank, to some 
exten t ,  takes care of the errors due to reagents and/or environmen t .  The 
3 7  
cOl 1 t ami nat ion f i ro n ,  c h rom i l l l l l ,  copper ,  n i cke l  ;:mel zi l 1c  from d i fferent 
cC l l l i pmel l t  of  t i le  lab ratol) i very CO l l l l l lon . Ti le  samp les then sp i ra ted to  
Joub le  beam Atomi c  Absorpt ion pec t rometer  ( G B C  906) equ ipped wi th  
c l l l tosa l l lp l er and d i rect background correc tor. 
-t.". ficld-!\Ieasyred Parameters 
Because t he i r  va l ues change w i t h  t i me ,  the Tota l  Dissolved Sol ids 
( TOS ) contents I n  m i l l igrams per l i ter  ( 1 l lg/ 1 ) and hydrogen- ion 
concentrat i on ( p H )  o f  co l l ected water  samples  were d i rect l y  measured i n  
t h e  fie l d .  The fol lowing i s  a br ief d iscuss ion o n  each of  these parameters :  
4 . _ . 1 To t a l  Dissol ved Sol i d s  
The  tota l  d isso lved so l i ds I n  a water sample  inc l udes a l l  so l id 
materi a l s  i n  sol u t ion whether  ion ized or no t . I t  does not i nc l ude sl lspended 
sed iments ,  col lo ids  or d i sso l ved gases. The TOS content  in �rrol lndwater i s  
an i nd icat ion of i t s  sa l i n i ty .  A s imp le  c l ass i fi ca t ion of groundwater sa l i n i t y  
depend ing  on  the  tota l  concentrat ion of d i ssol ved cons t i t uents .  a s  proposed 
by Todd ( 1 980 ), i s  g iven in Table ( J ) . 
The TDS content  i n  f:,rro l lnJwater samples  co l lected i l l Febmary 
1 99 5  ranged from 4 2 4  mg/l on A I  Jaww p la i n  ( We l l l l o .  69 )  to 1 0 , 3 2 5  m g/I 
northwest of A l Oha a rea ( We l l  I l l > '  20 ) .  I n  March 1 996,  the TDS content  
3 8  
of water samp les ranged [Tom 525 mgll north of Wadi Masak in  and east of 
Al Ain - Dubai road (We l l  1 1  . 3)  t o  6 , 144 1 l1g/1 north of Al H i l i  and south 
of Al Oha area (We l l  no. 13 ) .  
Table 3 .  Classification of growldwater according to i ts TDS content in 
mg/l (Todd 1 980) .  
Water type Total Dissolved Sol ids (mg/I) 
Fresh water 0 - 1 ,000 
B rackish water 1 , 000 - 1 0, 000 
S a l i ne water 1 0,000 - 1 00,000 
Brine > 1 00,000 
The 1 995  and 1996 iso-sa l i n i ty contour maps of the Quatemary 
aqu i fer i n  the AI Ain and Al Oha areas show that the groundwater sa l i n i ty 
increases from east to west ; in the d i rect ion of groundwater flow. The 
effect of more than one inferred al l uvial channel is reflected in the 
configurat ion of the i sosa l in i ty contours .  However, the most conspicuous 
channel runs in a NE-SW direct ion ,  caus ing the presence of a rela t ively 
fresh groundwater tongue between Al Hayer and Al Saad areas 
(Figure 9) .  
The TDS contents I I I  the Quatemary aqui fer of Al  Ain area in  
February 1 995  exceeded the WHO ( 1 97 1 )  recommended l im i t s  for 
dri nk ing water, espec ia l ly  of the wel l s  located i n  the westem part of the 
study area (F igure 1 0 ) .  
Figure 9 .  I so-sa l i ni ty contour map, mg/l , of groundwater i n  the Quaternary 
aquifer at AI Ain area in  February 1 995 . 
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Figure 1 0 . A bar graph i l l ustrating the TDS contents in  Al Ain 
groundwater compared with the WHO ( 1 97 1 )  recommended l imits 




The 1 996 iso-sal in i ty contour map indicates the presence of a 
relatively high-sal inity water east of AI Oha area.  Thi s  reflects the effect of 
groundwater pumping and infiltration of irrigation water on sal inity of 
groundwater under thi s  intensively cultivated area (Figure 1 1 ) .  The TDS 
contents in groundwater of the Quaternary aquifer of AI Oha area in 
March 1 996 exceeded the WHO ( 1 97 1 )  recommended l imits for drinking 
water, especia l ly of the wells located in the western part of the study area 
(Figure 1 2) .  
4.2.2 Hyd rogen-Ion Concentra tion 
The pH value of water is  related to its quality and affects, to a great 
extent, i ts suitabil ity for different uses. The water pH i s  control led by the 
amount of dissolved carbon dioxide (C02), carbonates (CO/-) and 
bicarbonates (HC03-) (Domenico and Schwartz, 1 990) .  
The groundwater pH in  the Quaternary aquifer of AI Ain area in 
February 1 995 ranged from 6.9 in  AI Saad (Wel l  no .  90) to 8 .2 in Qam 
Bint Saud (Wel l no. 8 1 )  and northeast of AI Jaww plain (well no. 69) . In  
March 1 996, the pH of AI Oha groundwater ranged from 7 .6  north of 
AI Oha (Wel l no .  30) and 8 . 5  north of AI Hi l i  (Wel l  no.  1 5 ) .  
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Figure 1 1 . I so-salinity contour map, mg/I, of groundwater 111 the 
Quaternary aquifer at Al Oha area in March 1 996 . 
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Figure 1 2 . A bar graph i l l ustrating the TDS contents i n  Al Oha 
groundwater compared with the WHO ( 1 97 1 )  recommended l imits 











4.3 Major CatioQs 
The sequence of  cat ion dominance i n  groundwater of the 
Quaternary aqu ifer in A l  A in area i n  February 1 995 has the order: Na+> 
Mi+> Ca2+> K+ in the eastern part and Na+> Ca2+> Mi+> K+ in the 
western part (Fib,71 lre 1 3 ) .  1 1 1 March 1 996, the order of cat ion dominance i n  
groundwater of A l  Oha area was Na +> Mi+> Ca2+> K+, where Mi+ 
content exceeded Ca2+ i n  a l l  analyzed samples ( Figu re 1 4 ) .  The fol lowing 
i s  a brief d iscussion on each cat ion :  
4.3. 1 Ca lc iu m 
The most common form of calc ium in  sedimentary rocks are 
carbonates, particularly as l imestone or dolomite, wh ich are represented by 
scattered smal l  l imestone outcrops throughout the study area. The 
d issolut ion of carbonate m inerals and carbonate cement yie lds calcium to 
groundwater. The cal c i um-ion concentrat ions in groundwater of the 
Quaternary aqu i fer in the study area in February 1 995  ranged from 1 6  mg/\ 
northeast of Al Oha area (Wel l  no. 33 )  to 275  m g/I west of Al Saad and 
south of Al Aln-Abu Dhabi road (Wel l  no. 97).  In M arch 1 996, calcium­
ion concentrat ions in groundwater ranged from 1 9  mg/I north of Wadi 
Masak i n  and east AI Ai l l -Dubai road (Well no .  5) to  244 mg/I northeast of 
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Figure 1 4 . A bar graph showing the cations domniance in AI Oha 
groundwater, March 1 996 . 
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The 1 995  and 1 996 iso-concentration contour maps show a gradual 
Increase In calcium ion from east to west (Figures 1 5  and 1 6) .  Local 
pockets of high calcium-ion concentrations, such as the area west of 
Al Hayer, are related to the dissolution of carbonate rocks in these areas 
and release of Ca2+ into groundwater. 
4.3.2 M agnes ium 
The common sources of magnesium in groundwater are dolomite in 
sedimentary rocks which is common in the study area� ol ivine, biotite, 
hornblende and augite in  i gneous rocks; and serpentine, talc and tremolite 
in metamorphic rocks (Davis and DeWeist, 1 966) .  
The magnesium ion (Mi+) concentrat ions m fresh water are 
generally less than that of calcium because of low geochemical abundance 
of magnesium (Mathess, 1 982) .  Common concentrations of magnesium 
range from 1 to 40  mg/1 and reach 1 00 mg/1 in  water circulating through 
magnesium-rich rocks .  Concentrations of more than 1 00 mg/l are rarely 
encountered except in sea water and brines . Because the eastern part of 
the study area is dominated by ultramafic rocks, Mi+ concentrations > 1 00 
mgl1 were measured in  water samples collected from 20 wells in February 
1 99 5 ,  and in water samples col lected from 1 5  wel ls  in March 1 996 . 
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Figure 1 5 , I so-concentrat ion contour map, mg/I , of the calc ium ion  i n  
groundwater of the  Quaternary aqu i fer a t  A J  Ain  area i n  Febmary 
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Figure 1 6 . I so-concentration contour map, mg/I, of the calcium ion in 
groundwater of the Quaternary aquifer at A1 Oha area in March 
1 996 . 
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Magnesium-ion (M!f+) concentration III groundwater of the 
Quaternary aquifer in the study area in February 1 995 ranged from 20 mg/1 
on the left side of AI Hayer - Suweyhan road (Wel l  no .  27)  to 32 1 mg/1 
west of AI Hayer (Well no .  30).  In March 1 996, magnesium-ion 
concentrations in groundwater ranged from 33 mgll west of Qarn Bint 
Saud (Well no. 1 8) to 243 mg/l northeast of AI Hili (Well no. 2) .  
The 1 995  iso-concentration contour map shows a general decrease 
in M!f+ concentrations from east to west (Figure 1 7) ,  away from the 
exposed Mg-rich ophiol ite rocks of the northern Oman Mountains. The 
1 996 iso-concentration contour map of AI Oha area (Figure 1 8) shows a 
decrease of M!f+ content from east to west across AI Oha and AI Hil i 
areas, fol lowed by a general increase west of Qam Bint Saud. 
4.3.3 Sod i u m  
The primary source of  most sodium ions (Na +) in natural water is 
the release of soluble products during the weathering of sodium-bearing 
minerals particularly plagioclase feldspars which are typical constituents of 
many igneous rocks. Sodium in evaporites and argil laceous sediments is 
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Figure 1 8. Iso-concentration contour map, mg/I, of the magnesium ion in 
groundwater of the Quaternary aquifer at AI Oha area in March 
1 996 . 
53  
Sodium-ion concent rat ions in  groundwater of  the Quatemary aqu i fer i n  the 
study area i n  Februa ry 1 995 ral lged from 1 8  mg/I i n  t he northeast  of 
A1 Jaww pla in  ( Wel l  no .69)  and 3 ,398 mg/I west of Qam Bint  Saud and 
northwest of A I  A i l l  (We l l  no .  20) .  I n  M arch  1 996, sod ium-io l l  
concentrat ions in  groundwater ranged from 3 9  m g/I on AI  Jaww p la in  
( Wel l s  no .  69 and 7 1 )  to 1 ,460 mg/I nort h of A I  H i l i  ( We l l  no .  J 3 ) . 
The 1 995  i so-concent rat ion contour map shows a steady increase i n  
Na  + concentrat ions from east to west ( Figure 1 9 ) .  Sod ium- ion 
concentrat ions are low at AI  Hayer, A I  Jaww p la in  and nort h  of A l Oha, 
whereas h igh Na  + concentrat ions were measured west of  Qam Bint Saud 
and at Suweyhan areas .  Fi gure J 9 aga in  ind icates the presence of  a buried 
a l luvial channel which nl l ls  i n  a N E-SW direct ion between AI Hayer and 
AI Sulaymat areas, causi ng t he presence of a re lat ively low Na + 
concentrat ions along i ts  course. The 1 996 iso-concent ra t ion contour map 
shows a general increase in  Na + concentrat ion from east to west (F igu re 
20). High growldwater sa l in i ty around Wel ls no .  2 ,  24 and 27  i s  related to 
heavy groundwater abst ract i on and i nfi l t rat ion of rel at ively h igh-sa l i n i ty 







Figure 1 9 . I so-concentration contOlIT map, mg/I ,  of the sodium ion in 
groundwater of the Quatemary aqu i fer at AI Ain area in February 
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Figure 20 .  I so-concentration contour map, mgll, of the sodium ion in 
groundwater of the Quaternary aquifer at AI Oha area in March 
1 996.  
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4.3.4 Potassiu m  
The most common source of potassium ions (Kl in groundwater is 
the weathering of orthoclase, microcline, biotite, leucite and nephel ine 
minerals .  Water percolating through evaporite deposits may contain high 
concentrations of potassium ions. Potassium concentration is commonly 
less than one-tenth the concentration of sodium in natural water because 
potassium is hardly taken into solution (Hem, 1 970) .  
Potassium-ion (K+) concentration in groundwater of the Quaternary 
aquifer in the study area in February 1 995 ranged from 2 mgll on 
AI Jaww plain (Well no .  69) to 67 mgll west of Qam Bint Saud (Well no. 
20). In March 1 996, potassium-ion concentrations in  groundwater ranged 
from 23 mgll in the west central part of the study area (Well no.  1 8) to 1 99 
mgll in the southeast (Well no.  2). 
The 1 995 and 1 996 iso-concentration contour maps show a steady 
increase in K+ concentration from east to west (Figurse 2 1  and 22). 
Potassium ion concentrations are lower in 1 995 than 1 996.  This can be 
attributed to the above-average rainfall during the 1 995- 1 996 season which 
have leached h igh K+ concentrations from farm lands into groundwater 
under cultivated areas . 
� 
Figure 2 1 . I so-concentrat ion contour map, mg/I , of the potassium ion in 
grotmdwater of the Quatemary aquifer at AI Ain area in February 
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Figure 22 .  Iso-concentration contour map, mg!l, of the potassium ion in 
groundwater of the Quaternary aquifer at Al Oha area in March 
1 996 . 
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4.4 Major  Anions 
The sequence of an ion dom i nance in  groundwater of  A I  Ain area in  
Febmary 1 995 has the order: I ICOJ-> cr> sol->co/- i l l  the eastern part 
and CI-> sol-> H OJ-> CO/ - i n  the western part ( Fig .  2 3 ) . I n  March 
1 996, the an ion domi nance in groundwater of AJ Oha was the same as 
AJ Ain area; HCO)-> CI-> SO/->CO/- in the eastern part and CI-> SO/-> 
HCO)-> CO/- ill the western part ( Fig .  24 ) .  
4.4. 1 Ca rbona t e  
Because the dom i l lant carbol l  forl l l  i n  natural water ( pH 6 - 8 )  is 
HCO)- (Freeze and Chen-y, 1 979), the CO/- concentration in groundwater 
within the study area is generally low. Carbonate ions (CO/-) commonly 
exist in water with pH values above 8 .  
Carbonate-ion (CO/-) concentrations I I I  !:,TfOlll ldwater of  the 
Quaternary aquifer in the study area in Febmary 1 995 ranged from 3 mg/I 
at Suweyhan and Al Saad areas (Wells no. 2 1 ,  22  and 89) to 24 mg/I at 
AJ Hayer (Well no. 7 5 ). In March 1 996, carbonate-ion concentrations 
ranged from 5 mg/I in the northeastern part of  the Shldy (Well no. 6) to 39 
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In 1 995 ,  the i so-concentration contour map shows a close 
re lationsh ip between high CO/- concentrations and the presence of 
carbonate rocks .  High CO/- concentrations were measured at A1 Hayer, 
\\ hereas low CO/- concentrations were recorded at Suweyhan (Figure 
_ - ) . In March 1 996, CO/- concentrations has generally increased from 
east to west and 10cal 1y increased east of A1 Oha area (Figure 26) .  
JA. 2 Bica rbonate 
Most bicarbonate lOns (HC03-) J l1 groundwater are derived from 
carbon dioxide in the atmosphere, carbon dioxide in soi ls  and by 
dissol ution of carbonate rocks (Davis and DeWeist 1 966) .  In the absence 
of calcareous sediments and carbonate rocks, most of bicarbonate ions in 
£!Toundwater result from the dissolution of carbon dioxide within the soi l  .... 
zone by organic decay . 
Bicarbonate-ion concentrations In groundwater of the Quaternary 
aquifer in the Al Ain area in Febmary 1 995 ranged from 95 mg/I south of 
Suweyhan (Wel l  no. 2 1 )  to 329 mg/I at Qarn Bint Saud (Wel l  no. 79) .  In 
March 1 996, bicarbonate-ion concentrations in groundwater ranged from 
1 29 mgll northeast of AI Oha (Well no. 24) to 3 74 mg/l in Al Hi l i  (Wel l  
no. 1 2 ) .  
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Figure 2 5 .  I so-concent rat ion contour map, mg/J , of t he carbonate ion i n  
groundwater of t he  Quatemary aqu ifer a t  Al Ain area i n  Febmary 
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Figure 26 .  Iso-concentration contour map, mg/I, of the carbonate ion in 
groundwater of the Quaternary aquifer at AJ Oha area in March 
1 996 . 
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The 1 995 and 1 996 iso-concen t ra t ion contour maps show a steady 
decrease in HCOJ- concentra t ions from east to west, in the d i rect i on of 
groundwater flow ( Figures 2 7  and 2 8 ) . Bicarbonate- ion content s are h igh 
at Qarn Bin t  Saud and decreases gradua l ly towards t he west . 
Concentra t ions of HCO.1- i nd icate to  t he presence of a buried a l l uv ia l  
channe l  that runs  i n  a NE- SW d i rect ion across the st udy area .  The cour se 
of th is  channel i s  characterized by h igher amount s  of  HCOJ- than 
surrounding areas in  the north and sou t h .  
4.4.3 Sulphate  
Sulphate i s  wide ly d ist r ibuted in  a reduced fonn in  igneous and 
sedimentary rocks  as meta l l ic su lph ides (Hem, 1 970) .  Su lphate ions 
(SOl-) are derived fTom !:''YPSUI l l  (CaS04 . 2 f  1 20) or anhydri te (CaS04) i n  
sedimentary rocks .  These two m inera ls  are present i n  the study area as 
thick beds or streaks in the l imestone strata and are sufficient ly soluble to 
cause water in  contact wi th t hem to be h igh i l l  su lphate .  
Su lphate-ion concent ra t ions in groundwater of t he Quatern ary 
aquifer i n  the A I  A in  area in February 1 995 ranged from 1 2 5 mg/I at 
AI Hayer (Wel l  no. 3 1 )  t o  1 ,936 mgll west of Qarn B i n t Saud (Wel l no .  
20) .  In March 1 996, su l phate- ion concent rat ions i n  groundwater ranged 
from 76 m g/I north of Wadi Masak in  ( Wel l  no .  5 )  to J , 296 mg/I at  
AI Hil i  (We l l  no .  3) .  
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Figure 2 7 .  I so-concent rat ion contour map, mg/I ,  of the bicarbonate ion in  
groundwater of the Quatemary aqu ifer at  AI  Ain area in  Febmary 
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Figure 28 .  Iso-concentration contour map, mg/l, of the bicarbonate ion in 
groundwater of the Quaternary aquifer at AI Oha area in March 
1 996 .  
68 
The 1 995 and 1 996 i so-concentrat ion contour maps of AI  Ain and 
Al Oha areas show a steady increase in  SO/- concent rat ions from east to 
west ( Figures 29 and 30) .  Sulphate- ion concentrat ions are low at 
A I  Hayer and A I  Jaww pla in ,  i ncreas ing towards Sl lweyhan in  the west . 
4.4.4 Chloride 
The ch loride Ion (Cn is the most widely d i str i buted i n  natura l  
water. Some evaporites provide h igh concent rat ions of CI - to normal 
groundwater (El-Shami ,  1 990) .  Most CI - in  groundwater comes from four 
d ifferent sources� ancient sea water entrapped in sed iment,  sol ut ion of 
ha l i te  and related m inera ls i l l evapori te deposi ts and the sol ut ion of dry 
fal lout from the atmosphere, par1 icu larly i l l  ar id regions ( Davis and 
DeWeist, ] 966) .  Chloride ion concentrat ions in groundwater of the 
Quaternary aqu ifer in the A l  Ain area i n  February ] 995 ranged from 46 
mg/l on AI Jaww p la in  (Wel l 1 1 0 .  69) to 4,600 mg/I at AI Saad (Wel l  1 1 0 .  
I 7) .  In  March 1 996, the ch loride-ion concentrat ions in  groundwater ranged 
from 89 mg/I west of A l Oha (Wel l  no .  2 1 )  to 2 , 556  mg/I l lortheast of 
AI Hi l i  (We l l  no .  ] 3) .  The 1 995  and 1 996 i so-concentrat ion contour maps 
of AI Ain and AI Oha areas show a steady i ncrease i n  CI - concent rat ions 
from east to  west (Figures 3 1  and 32) .  Chloride-ion concentrat ions are low 
on AI Jaww pla in  (70 mg/I ), Qam B int Saud (89 mg/I) and A I  Hayer (99 
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Figure 29 .  I so-concentrat ion contour map, mg/I , of the sulphate ion in 
groundwater of the Quatemary aqu i fer at  A I  Ain area in  Febntary 
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Figure 30 .  Iso-concentration contour map, mg/I ,  of the sulphate ion in 
groundwater of the Quaternary aquifer at AI Oha area in March 
1 996. 
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Figure 3 1 .  I so-concentrat ion contour map, mg/I , of the ch loride ion i n  
groundwater of the Quatemary aqu ifer a t  A J  Ain  area i n  Febntary 
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Figure 3 2 .  I so-concentration contour map, mg/l, of the chloride ion in 
groundwater of the Quaternary aquifer at AJ Oha area in March 
1 996 .  
73 
.; lYlinor Constituents 
The minor consti tuents measured in this study include ammonia 
( H ,), nitrates (NO)-) and phosphates (P04
3-) . The following is a brief 
di_c llssion of each of these constituents. 
-.� . 1  A m monia 
Ammonia can exist as a gas which is highly soluble in water 
1 I ning ammonium ion (NIL +) . Plants can use ammonium ion to form 
rotem.  Organic nitrogen can also be broken by bacteria to ammonia. 
Under aerobic conditions, certain bacteria can oxidize ammonia to nitrate . 
, mmonia is toxic to fish and its toxic ity hazard depends on the pH, 
temperature and ionic strength of water. At pH 8 and 20°C, the 
pennissible total ammonia is 0 . 52  mg/l (Fetter, 1 988) .  
Concentrations of ammonia in groundwater of the Quaternary 
aquifer in the Al Ain area ranges from 0 . 1 5  mg/l in the northeast and 
southwest to 0 .05 mg/l in the central part . Within the study area, it seems 
that there is a correlation between high concentrat ion of ammonia and 
agncultural activities. 
4.5 .2  Nitrate 
The dissolved nitrogen I l1 fonn of nitrates ion (N03-) is the most 
common contaminant identified in groundwater (Freeze and Cheny, 1 979).  
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Thi s  is  s imply because t he concentrat ion of n i t rate in groundwater is not 
l im i ted by solubi l i ty cOl ls tra in t s .  Because of t h i s  and its ion ic  Conn, n i trate 
moves wi th  groundwater wi th 1 10 transfonnat ion and l i t t le or no 
ret ardat ion . 
N i t ra te i n  groundwa ter genera l ly  orig inates from several natural  and 
man- induced sources on the land surface, i n  the so i l  zone or i n  shal low 
subsoi l  zone .  N i trate n i trogen has proved to be a hea l th  hazard when i t  
occurs i n  drink ing water a t  concentrat ions in  excess o f  1 0  mg/1 . N i t rate i s  
reduced t o  n i tr i te ( N02-) i n  the gast ro in test ina l  tract . The n i t ri te can then 
enter the b loodst ream , whereupon i t  reacts wi th hemoglob in ,  impair ing t he 
b lood ' s  abi l i ty to transport oxygen . The WHO ( 1 97 1 )  penn iss ib le l im i t  for 
n i trate concentrat ions in  drink ing  water is 1 0  I I I  gil of n i t rate as n i t rogen 
(Mc Cutcheon et a I . ,  1 993) .  
N it rate-ion  (NO)- ) contents of groundwater samples col lected from 
the Quaternary aqu i fer in t he AI A in  area in February 1 995  ranged from 
less than 5 mg/I in the eastem AI A i n  area to 40 mg/I near the southeastern 
comer of the  study area (Figure 33) .  Nitrate content exceded the WHO 
( 1 97 1 )  recommended l im i t  for dri nk i ng water i n  only one wel l  ( Wel l  no .  
5 7) along AI A in-Abu Dhabi road ( Figure 34 ) .  The main source of n i trate 
in groundwater at t h i s  area is  re lated to t he appl icat ion of chemica l 
n it rogen ferti l izers i n  agricu l ture .  
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Figure 3 3 .  I so-concentrat ion contour map, mg/I , of the n i t rate ion in  
groundwater of the Quatemary aqu ifer a t  AI Ain area i n  February 
1 995 . 
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Figure 34 .  A bar graph showing the comparison between the nitrate ion 
concentrat ion in AI Ain groundwater in February 1 995 and the 






In the samples collected from Al Oha area in March 1 996, the Nitrate-ion 
(N03-) concentrations was below 5 mg/l around AI Oha area and reached 
its maximum values in the western part (Figure 3 5) .  The concentrations 
remained below the WHO ( 1 97 1 )  l imit for drinking water (Figure 36) . 
4.5.3 Phosphate 
The natural distribution of phosphorus is rather l imited; i t  is 
commonly found only in one mineral , apatite . Runoff water from areas of 
phosphate rocks may contain high amounts of phosphate; otherwise, its 
usual source is organic  pollution and phosphate detergents . 
Phosphate concentrations of groundwater samples col lected from 
the Quaternary aquifer in the Al Ain area in  February 1 995 ranged from 
0 .6  mg/l in the western part to  1 mg/I in the northeast (Figuer 37) .  Despite 
the fact that phosphate fertil izers are equally in use as the nitrates, 
phosphate concentrations in groundwater are much lower because of their 
attenuation in the soil zone .  
4,6 Trace Constituents 
Because of their presence in groundwater at high concentrations has 
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Figure 3 5 .  Iso-concentration contour map, mg/I, of the nitrate ion in  
groundwater of the Quaternary aquifer at Al Oha area in March 
1 996 . 
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Figu re 36 .  A bar graph showing the comparison between the n i trate ion 
concentrat ion in A1 Oha groundwater in March 1 996 and the \VHO 















Figure 3 7 .  I so-concentrat ion contour map, mg/I , of the phosphate ion in  
groundwater of the Quatemary aqu i fer at  AI Ain area in February 
1 995 . 
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analyzed for i n  water samples col lected from the Quaternary aquifer in the 
AI Ain area. The fol lowing is a brief discussion on each of these elements . 
4.6. 1 Ba ri u m  
Barium is  an alkal ine earth metal occurring in nature as insoluble 
salts such as barite (BaS04) and witherite (Bae03). Soluble barium salts 
are poisonous, with a toxic dose of 0 .2  to 0 .6 mgll and a fatal dose of 2 .4  
grams (Davis and De Weist, 1 966). Because of the adverse effect of 
barium on heart and blood vessels, its drinking water standard has been set 
at 1 mg/l . 
In the AI Ain area, barium concentrations in groundwater samples 
coll ected from the Quaternary aquifer in the AI Ain area in February 1 995 
varied between below detection l imit in the northwestern part of the study 
area and 0 . 1 3  mgll (Well no. 33) northest of AI Oha and east of AI Ain­
Dubai road and (Figure 3 8). In March 1 996, barium concentration ranged 
from 0 . 0 1  at Qam Bint Saud mg/l and 0 . 1 4  northeast of AI Oha (Fig. 39) .  
4.6.2 Chrom i u m  
Chromium can exit in a number of valence states .  In trivalent state, 
chromium is an essential trace nutrient and in hexavalent state, it is 
pOIsonous and corrosive. The toxicity of chromium is variable depending 
upon valency, water hardness and pH. The WHO ( 1 97 1 )  standard for 
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Figure 3 8 ,  I so-concentrat ion contour map, mg/I , of the bari um in AI Ain 
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Figure 3 9 .  Iso-concentration contour map, mg/I, of the barium in AI Oha 
groundwater in March 1 996 . 
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Detected chromium concent ra t ions in growldwater samples col lected from 
the Quatemary aqu i fer in t he AI Ain  area in February J 995 varied between 
0 .0 1 mg/I ( Wel l  1 1 0 .  1 7 ) i l l  t he sout hwest and 0 . 2  J 1 l lg/1 a round Suweyhan 
( Figure 40) .  F igure 4 1  shows t hat the chromium content in groundwater 
col lected from A I  Oha area in  March 1 996 ranged from 0 .0 1 mg/I in  the 
west central area ( Wel l  no .  1 9 ) and 0. 1 8  mg/I in  the southeast ( We l l  no .  ] ) . 
4.6.3 Copper 
Copper I S  a com l llon meta l  which occurs i n  nat ure as na t i ve metal  
and various copper mi nera ls  and sa l t s .  Copper i s  an essent ia l  t race e lement 
for the growth of p lan ts  and an ima ls .  In excess ive amolln ts ,  however, 
copper can be toxic and i t s  tox ic i ty depends on water hardness, pH and 
alkalinity .  The WHO ( 1 97 1 )  st andard copper concent rat ion in dr ink ing 
water i s  1 .0 mg/1 . 
Copper concent rat ions I II groundwater samples col lected from the 
AI Ain Quatemary aqu i fer in February 1 995 are most ly less than the 0 .05  
mg/l . The lowest copper content was measured around Qam B in t  Saud, 
whereas the h ighset va l l ie was recorded in  Wel l s  no. 73 and 75 north of 
Al Hayer ( Figure 4 2 ) . In  March 1 996, copper concentrat ions 1 1 1  
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Figure 40. I so-concentration contour map, mg/I , of the chromium in  AI Ain 
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Figure 4 1 .  Iso-concentration contour map, mg/I, of the chromium ill 
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Figure 42 ,  I so-concentrat ion contour map, mg/I, of the copper i n  A1 Ain 
groundwater in February 1 995 , 
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mgll i n  the nort heast ( Wel l  no .  29)  and 0 . 1 8  mgll i n  Wel l no .  4 at  A l Oha 
area (F igure 43). 
4.6.4 I ron 
I ron I S  tox ic  to some aquat ic species at concentra t ions of 0 . 3 2  to 
1 .00 mg/I . A water qual i ty cri terion for i ron of  0.3 mg/I has been suggested 
for domest ic  uses . For aquat ic l i fe, maximull l  i ron content of 1 . 0 mg/I is 
the cri terion . 
I ron I S  a very cOl l lmon element in rocks and soi ls  of A I  Ain  area .  
However, because t he Ql la ternary aqu i fer in  t he A I  Ain area is free 
(oxygenated ) ,  low iron concent rat ions were measured i n  groundwater 
samples col lected from the aqu i fer in February 1 995 . I ron concentrat ions i n  
groundwater samples co l lec ted from the  Quatemary aqu i fer in  the 
A1 Ain area i n  February 1 995 varied between 0 .03 mg/I i n  AI  Saad area 
(Wel l  no .  ] 8) and 1.54 mg/I in Wel l no. 32 east of Al Oha (Figure 44).  
4.6.5 Lead 
Lead I S  a toxic meta l ,  inh ib i t s  the fonnat ion of hemoglobin and 
accumulates in  bone and son t issues. Lead poison ing is  a known cause of 





























Figure 43 . Iso-concentration contour map, mg/l, of the copper in AI Oha 
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Figure 44 .  I so-concentrat ion contour map, mgll ,  of the iron i l l  AJ Ain 
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these reasons, the lead drinking water qual ity standard is as low as 0 .05 
mgll . 
Lead concentrations in  groundwater samples collected from the 
Quaternary aquifer in the AI Ain area in February 1 995  ranges from 0.0 1 
mgll along AI Hayer-Suweyhan road (Well no. 28) to 0 .39 around 
Suweyhan city (Well no. 23) .  Lead content in groundwater seems to be 
high in  residential areas, in the east and northwest i n  the southwest, and 
low where human activities are minmal (Figure 45) .  
4.6.6 Manganese 
Manganese is an essential trace metal for plants and animals .  Lack 
of manganese in plants causes chlorosis and fal l  of leaves i n  plants� 
whereas i ts l ack in  animals disrupts reproduction and causes bone 
defonnation and growth retardation. The WHO ( 1 97 1 )  drinking water 
standard for manganese is 0 .05  mgll . 
General ly, manganese i s  absent ill most groundwater samples 
collected from the Quaternary aquifer in the AI Ain area in February 1 995 . 
The manganese content in groundwater within the study area i s  well below 
the WHO ( 1 97 1 )  recommended l imit for dri nking water (Figure 46). 
20' 
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Figure 45 .  I so-concentration contour map, mg/I, o f  the lead in A J  Ain 
groundwater in Febmary 1 995 . 
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Figure 46 ,  I so-concentration contour map, mg/I, of the manganese 1 I1 
Al Ain groundwater in  February 1 99 5 .  
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4.6. 7 Zinc 
Zinc IS  an essential trace element necessary for human metabol ism, 
synthesis of protein and enzymes. Zinc can be toxic, causing 
gastrointestinal distress if ingested in large quantities . Toxicity varies with 
pH, alkalinity and water hardness. Suggested WHO ( 1 97 1 )  standard zinc 
concentration in drinking water is 5 mg!1 .  
Zinc measured in  water samples col lected from AI Oha area ill 
March 1 996 varied between 0 .04 and 0 .42  mg/I in the western part of the 
study area (Wells no .  1 8  and 1 9, respectively) . Zinc content decreases in 
the centaI part and increases again eastward (Figure 47) .  
4.6 .8  Fluoride 
Fluoride is naturally present in  minerals as  fluorite, cryolite and 
apatite . Fluoride is stored in bones and teeth. Chronic overexposure leads 
to dental fluorosis or nottl ing of teeth .  Dental fluorosis develops in 
chi ldren l iving i n  areas where the drinking water is high in fluoride . 
According to the WHO ( 1 97 1 )  standards for drinking water, fluoride 
concentration varies between 1 . 4 mg/I and 2 .4 mg/l , according to 
prevai l ing temperature. 
Fluoride values of groundwater col lected from AI Ain groundwater 
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Figure 47 . Iso-concentration contour map, mg!l, of the zinc in AI Oha 
groundwater in March 1 996 . 
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32 )  and 9 . 32  mgll i n  t he cent ra l pal1 (Wel l  no .  20) .  I n  the March 1 996 
samples fl uoride conte l l t s were 0 . 2 7  mgll in Wel l  no. 5 nort h  of Wadi 
Masakin al ld  4 .64 mgll north of AI H i l i  ( We l l  no. 5 ) .  The 1 995  iso­
concentra t ion contour maps of fl uoride shows a con t i nuous i ncrease from 
east to west , whereas the 1 996 I l l ap shows t he h ighest cOl l te l l t  arol lnd A I  
H i l i  area (Figures 4 8  and 49) .  
Fl uoride content in  examined groundwater exceeded the WHO 
( 1 97 1 )  recommended l im i t  for dri n l ikg water in  S IX wel l  of A I  Ain area i n  
February 1 995 ( Figure 50) and in two wel ls of Al Oha area in March 1 996 
(F igure 5 1 ) . 
4.6.9 S t ron tiu m  
Stront iwn content  of A I  Ain  groundwater i n  Febmary 1 995  was less 
than 1 mg/I in  AI Jaww pla in ( Wel l  no .  72 )  and greater than 1 0  mg/I west 
of AI Saad (Wel l  no. 58 ) .  I n  March 1 996, stron t i um concentra t ion in  AI 
Oha groundwater varied between 0 . 75  mg/I nort heast of A I  Oha (Wel l  no. 
26) and 1 6 . 3 5  i n  Wel l no .2  east of AI H i l i  (F igures 53  and 54) .  
The relat ive concentrat ions of some major ions and t race metals i n  
AI Ain (February 1 995 )  and Al Oha (March 1 996) groundwater t o  the 
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Figure 48 .  Iso-concentration contour map, mg/I, of the fluoride in  AI Ain 
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Figure 49 .  Iso-concentration contour map, mg/I, of the fluoride in AI Oha 
groundwater in March 1 996 . 
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Figure 50 .  A bar graph showin g the comparison between the fluoride 
concentration in Al Ain grolmdwater in February 1 995 and the 
WHO l imit for drinking water. 
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Figure 5 1 .  A bar graph showing the comparison between the fluoride 
concentrat ion in AI Oha groundwater in March 1 996 and the WHO 







F igure 52 .  I so-concentrat ion contour map, mg/I , of the stron t i um I Jl 



























Figure 5 3 ,  Iso-concentration contour map, mg/I , of the strontium ill 




G ROUN DW ATER 
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CHAPTER V 
N ITRATE AND GROU NDWATER 
The dissolved n itrogen in the fonn of nitrate (N03 -) is the most 
comm on contaminant ident ified in groundwater (Freeze and Cherry, 1 979) .  
This  is because the concentration of ni trate in groundwater is not l imited 
by solubi l i ty constraints .  Because its ionic fonn and unl imi ted solubil i ty, 
n i trate I S  very mobi le  and moves in the groundwater with no 
transfonnation and l i t t le or no retardat ion . 
Nitrate in groundwater generally originates from n itrate sources on 
the l and surface, in the soil zone or in  shal low subsoil zone (Figure 54) ,  
where nitrogen-rich wastes are buried ( Freeze and Cherry, 1 979) .  Nitrate 
is the end product of sewage d isposal , because of the microbial breakdown 
of the n itrogenous compounds in the excerta. In some situations, ni trate 
that enters the groundwater system originates as (NO]-) in wastes or 
ferti l izers applied to land surface . These are designated as direct n itrate in 
groundwater in h igh concentration is undesirable  and threatening large 
aquifer systems in many part s  of the world ( Freeze and Cherry, 1 979) .  
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Figure 5 4 .  Nitrogen cycle (Cresser et aI . ,  1 993) .  
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4.1 NitrQ2en Cycle 
The rutrogen cycle is complex, but can be portrayed schematically 
ill simplified form as in Figure 54 .  This cycle describes the dynamic 
processes through which nitrogen is interchanged among the atmosphere, 
organic matter and inorganic compounds (Manahan, 1 979). 
Nitrogen fixation involves the synthesis of cellular nitrogen 
compounds from elementary nitrogen and bacteria. Nitrification is the 
process of oxidizing ammonia to nitrate. Nitrate reduction is the process 
by which nitrogen in nitrate ion is reduced to fonn compounds having 
nitrogen in a lower oxidation state. Derutrification is the reduction of 
n i trate and nitrite to nitrogen with a resultant net loss of nitrogen gas to the 
atmosphere . Deamination is the decomposition of amino acids under an 
aerobic conditions. Ammonification is the process of conversion of organic 
nitrogen to ammonia. Adsorption is the process by which nitrogen in the 
form of ammonium can be adsorbed by the negatively charged sites on 
clay and silt particles within the aquifer. 
4.2 Nitrogen Forms and Transformations 
Some of the most important microorganisms mediated chemical 
reactions in aquatic and soil environments are those involving nitrogen 
compounds (Manahan, 1 979) .  
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4.2. 1 Nitrification  
Nitrification is the conversion of N3+ to N
4+ is a very common and 
extremely important process in water and soil .  In nature, nitrification is 
catalyzed by two groups of bacteria; Nitrosomanas and Nitrobacter. 
Nitrosomanas bacteria bring about the transition of ammonia to n itrate 
according to the following reaction: 
(2) 
whereas, nitrobacter bacteria  mediates the oxidation of nitrite to nitrate . 
(3)  
Both of nitrosomanas and nitrobacter are aerobic bacteria which function 
only in presence of molecular oxygen . For aerobic conversion of 
ammonical nitrogen to nitrate at pH 7,  
1/6 N"lL + 1 14 O2 - - - - - - - -> 1 16 N02 + 113 W + 1 16 H20 
then the conversion of nitrite to nitrate, 
1 12 N02 + 1 14 O2 --------> 1 12 N03-. 
4.2.2 A m mon ifica tion  
(4) 
(5)  
Ammonification is  the process of conversion of organic n itrogen to 
ammonium (Freeze and Cherry, 1 979) .  The ammonification of amino acids 
1 07 
requIres oxygen to  be present ( Fet t er, 1 977 ) .  This react ion can be 
represented as follows: 
Organic n i t rogen - - - - - - - - > Aml llon ium (N�) (6 )  
4.2.3 Deni t ri fication 
Denitrificat ion i s  the biologically mediated transformation of nitrate 
to n i trogen gas (Tmdell et a I . ,  1 986) .  I f  oxygen is not presen t  ( anaerobic  
condi t ions), n i t arte may undergo den i t r i fi cat ion to  n i t rous oxide gas or  
reduction t o  ammon ia  ( Figure 5 5 ) .  Den i t r i ficat ion requi res the absence of 
oxygen and proceeds most rap id ly a t  the temperature range of 200e - 3 5°e 
and neutral to s l i gh t ly a lka l i ne p i ! .  Den i t r i ficat ion a lso requ i res organ ic 
carbon food source for bacteria to metabol ize. Den i t r i fica t ion is del ieved 
to be preferred over reduct ion except in organ ic  r ich soi l .  Nitri fication 
process can be represented by the fol lowing react ion :  
(7 )  
Denitrificat ion is  no t  a l l  equ i l i br iu l l l  process. However, i t  i s  i rreversible 
because of the absence of sui tab le cata lyst for t he reverse react ion .  
From the water qua l i ty  viewpoin t ,  den i t ri ficat ion is  a desirable 
process, whereas i ncreaseJ concent rat ion of d issolved N2 and N20 are not 
determinetal to drink ing water .  I n  con t rast ,  n i t ra te at concen t ra t ion above 
S e w a g e  Orgonic - N  NH3 
PreC lpl tot oon 
M i n e r a i  
l e r  t l l l z e r  
P t o n t  r e s i d u e ,  
c o mpost  
O r gon i c - N  
p r o te ins 
L e a c h i n g  - � - - - - - - -
G r o u n d wa t e r  
l� 
{ D e n o l r i l i c o t i o n  In r e d u c i n g zones} /N z(OQ)I INzO! 
Figure 5 5 .  Sources a l ld  path ways of n i t rogen I I I  t h e  subsurface 
environments ( Freeze al Jd Cherry , 1 979) .  
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4 5  mg/1 renders water unfit for consumption by human infants under 6 
month old .  If  water has more than 450 mg/1 of nitrate, i t  i s  unsuitable for 
consumption by l ivestock (Freeze and Cheny, 1 979) .  
4.2.4  Adsorption 
Ammonium ill percolating water can be adsorbed onto cation 
exchange sites of clays in soi l  and alluvial deposits . Adsorption wi l l  retard 
the movement of ammonia unti l  available exchange sites are filled 
(Edlmann, 1 985) .  Also, ammonium ion can ba adsorbed by clay and 
organic colloids in the soi l .  However, the adsorbed ammonium ion can be 
biologically oxidized to nitarte (Fetter, 1 977). Nitrate is not subject to 
adsorption onto clays and generally wi l l  be stable in unsaturated zone if 
oxygen is present (Edlm arm, 1 985) .  
4,3 Sources of Nitrates in Groundwater 
Nitrogen is  one of the most abundant elements not only in the 
atmosphere (78% by volume of dry air) but also in the cnlst of the earth 
and hydrosphere . In  rock and water, n itrogen is  less abundant than carbon 
and oxygen . Widely variable amounts n itrogen occur in atmosphere and 
l ithosphere . 
The soi l  appears to be the great natural factory of n itrate and 
ni trogen ,  the active agent being bacteria .  Most of n i trogen present in the 
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bodies of p lan t  and animals u l t imately fonns ammoll la .  The ammol 1 la  
released I S  t hen oxid ized in  to  stages as  the bacteri um Nitrosomanas 
converts  ammoma to n i t r i te  and Nilrohacler oxid izes n i t ri t e  to  n i t rate 
( Feth , 1 966) .  The sources of n i t rogen compounds found in water are the 
a tmosphere, geologic sources, agricu l t ural sources, i n  add i t ion other to  
m iscel laneous sources . 
4.3. 1 Atmospheric Sou rces 
Atmospheric aerosol is a worl dwide layer occurs at a l t i t ude between 
1 5  and 25 km above the earth  as large part ic les consist  en t i re ly of su lphate 
and ammonia .  Oxides of  n i t rogen are a lso present  i n  the atmosphere from 
a range of sources bot h nat ura l  and industr ia l . N i t rogan can be ox id ized 
during l ighten ing d i scharges. In add i t ion,  oxides of n i t rogen are fonned 
during the combust ion of a number of fossi l fuels, (oi l ,  gas and coal), 
motor exhausts and factories. 
4.3.2 Geologic Sou rces 
Geologic sources of n i t rate inc l ude soi l ,  cave deposi ts ,  organ ic  rich 
shale and organic  n i trogen compounds.  Wnogradsky ( 1 890) demostrated 
that n i trate is syn thesized from n i t rogenous compounds in so i l  and water 
through many chemical react ions .  l Ie a l so expla ined t hat the process of 
nitrification by : (a) the minera l iza t ion of organic n i t rogen to yie ld 
I I I  
ammonIUm (b) oxidation of amrnoniwn ion to nitrite and (c) oxidation of 
nitrite to nitrate .  
4.3.3 Agricu l tu ra l Sou rces 
Agricultural sources of nitrogen in soil originate mainly through the 
bacterial activi ty . Legume fix nitrogen at a rate of 40 to 200 Ib/acre/year. 
A value of 20 to 40 Ib/acre/year has been reported as the work of areobic 
bacterium, Clostridium , the aerobe Azobacter and blue-green algae . 
Photochemical fixation and adsorption of ammonia air by soil and plants 
may also add nitrogen to the soi l .  The highly soluble ferti l izers, drainage 
water, barnyard, soil effluent and fann industry waste represent additional 
sources of ni trogen in soil .  The use of ferti l izers became indispensible to 
maintain the agricultural production and to increase i t .  Figure 56 shows the 
distribution of fanns in AI Oha area as in 1 993 ,  traced from a Landsat 
satel l ite image scale 1 : 1 00,000 . A proportion of the ni trogen ferti l izers was 
taken up by the crop but excess would be available for leaching from the 
soil and into the groundwater. The rate of nitrate leaching from soi l 
depends on a wide variety of factors . 
The main chemical ferti l izers used in agriculture are l isted in Table 
4 .  Table 5 shows the fate of nitrate ferti l izers when appl ied to soil with 
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Figure 56 .  Distribution of fanns in AI Oha area as in 1 993 ,  traced from a 
Landsat satell ite image scale 1 : 1 00,000 . 
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Nitrate l i ke al l sol ub le ions, moves in  the soi l water and under p lan t  
cover. Root uptake, combined with evaporat ion of water and temperature 
gradient between so i l  and a i r, resu l t s  i l l  a general upward movement of 
n i trate .  rn  con t rast , i l l  a vegeta t ion-free period and h igh ra i n fa l l ,  t here i s  a 
general downward movement of n i t rate i nto the aquifer. In genera l ,  as the 
amount of water dra in ing from the top so i l  to the deeper layers increases, 
so does the rate of n i trate leach ing from the soi l .  
Table 4 .  The main types o f  n i t rogen fert i l izers appl ied on fann l ands (ESG, 
1 989) .  
Ferti l ize r Chemical  Porm u a l  
Ammonium su lphate (N N4) 2S04 
Superphosphate Ca( l-hP202) . l- hO 
CaS04 .2 H20 
Ammonium n i trate NI--LtNOJ 
Potassium sulphate K2S04 
Urea CQ(NH212 
4.3.4 Other Sou rces 
The other n i t rate sources inc l ude i ndustr ial wastes, sewage, septi c  
tanks, decay of  dead an imals and vegetal matter and san i tary l andfi l l s .  
Nitrate i s  t he  end product of  sewage disposal and resu l t  fro m  m icrobia l  
breakdown of organ ic n i t rogen . 
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Table 5 .  The rate of admin istered nitrogen fert i l izers applied to crops 
(Furrer, 1 986). 
Ferti l izer consumption Percent (% ) 
Taken up by crop plants 50-75 
Bound as organic nitrogen in the soil 5 -25 
Bacterial breakdown to nitrogen gas 2-20 
Leached into the subsoi l  2- 1 0  
Because the average groundwater depth m AI Oha area is  30  m 
(Figure 7)  and the mean annual rainfal l  does not exceed 1 00 mm, l ow 
nitrate ion (N03-) concentrat ions were measured in  grotmdwater col lected 
from AI Oha area in March 1 996 (Figure 3 5) .  The appl ication of modem 
irrigation technologies in addition to the l imited groundwater recharge 
does not pennit effective n itrate leaching from the soil zone into 
groundwater within the study area. 
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CHAPTER VI  
WATEn QUALITY 
Water qua l i ty  detenn ines i ts  su i t abi l i ty  for d ifTerent  lIses . The 
fol lowing d iscussion in tends to eva luate the su i tabi l i t y  of groundwater in  
the Quatemary aqu ifer a t  Al Oha area for domest i c  and agr icu l tu ral 
purposes . 
The sui tabi l i t y  of  groundwater for a part icu lar purpose depends on 
specific  qual i ty cr i teria .  QlIa l i ty  l im i t s  of water supp l ies for drink ing, 
i rrigation and industr ia l  uses apply to grol lndwater because of i t s  
extens ive development for t hese purposes (Todd, 1 980) .  
6. 1 Domestic Uses 
Usual ly, water appl ied for domest ic  purposes has cer1a in  standard 
speci fications as regards to  i ts  physical , chemical  and b io logical 
properties .  These standards are in tended primari ly  to  protect h uman heal th .  
Tables 6 and 7 i l l ustrate comparisons between A I  A in  and Al Oha 
groundwater and t he WHO ( 1 984)  and the Gee ( 1 993)  standards for 
drinking water. 
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Table  6 .  Comparison between Al Ain groundwater (Febmary, 1 995 )  with 
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B a  
Pb 
Se 
AI A in 1 995 
Ma-ximum Minimum 
8 . 2  6 . 9  
3 6 . 9  3 5 . 2 
8 ,73 7 3 4 7  
5 ,200 400 
602 . 5  3 1 . 5 
2 8 1 . 5 1 1  
3 2 1 1 9. 5  
3 , 3 9 7 9 3 9  
66 . 5  2 . 3  
24 3 
3 29 . 4  3 6 . 6  
4 , 5 99 . 2  4 6 . 1 
4 7 . 3 2  0 . 00 
493 . 7  5 7 . 6  
9 . 3 5 0 . 00 
1 0. 5 9  0 . 66 
1 . 54 0 .03 
0 . 3 7  0 . 00 
0.94 0 . 00 
0 5 2 0 . 04 
0 .08 0 . 00 
0.03 0 _ 00 
3 . 2 1  0 . 8 8  
0. 1 3  0 . 00 
0 . 3 4  0 . 00 
2 . 27 0 . 00 
W H O  ( 1 984)  G e e  ( 1 993)  
Mean Guideline Max. level 
7 . 4  6 . 5 -8 . 5  6 . 5 - 8 . 5  
3 6 . 2  -- --
3 ,03 1 1 ,000 1 00- 1 ,000 
3 , 946 1 ,400 1 60- 1 , 600 
1 8 5 . 3  500 500 
8 6 . 5 2  7 5 -200 200 
9 8 . 76 3 0- 1 5 0 30- 1 5 0 
847 . 3 7  200 200 
1 7 . 84 -- --
1 I .  1 5  -- --
1 47 5 8  -- --
1 , 1 5 9 . 97 2 5 0  250 
1 0 . 73 1 0  1 0  
628 . 54 200-400 400 
2 . 5 8  - - --
6 . 2 8  1 . 5 0  0.6- 1 . 7 
0. 1 6  0 . 3 - 1 . 0 0 .30 
0. 1 0  -- - -
0.06 1 5 . 00 5 . 00 
0 . 3 0  - - --
0 . 02 8  1 . 0- 1 . 5  1 . 0 
0 004 -- --
2 .27 - - --
0 .03 6  -- --
0. 1 2  0 . 05 0 .05 
0 .44 0 . 0 1 0 .0 1 
Chemical analysis is in mg/l and conductivity in  �S/cm.  Averages are 
calculated for the total number of the samples and N.D .  are replaced by 
zeros. 
Table 7 .  Comparison between AI Oha groundwater (March,  1 996) with 
WHO ( 1 97 1 )  and GCC Standards for drinking water. 
Parameter Al Oha 1 996 WHO ( 1 984) Gee ( 1 993) 
Maximum Minimum Mean Guideline Max. level 
pH 8 . 5 8  7 . 7  8 . 26 6 . 5 -8 . 5  6 . 5 - 8 . 5  
Temp. oC 3 6 . 9  3 5 . 2 3 6 . 2  -- --
TDS 6, 1 44 5 2 5  1 , 84 8  1 ,000 1 00- 1 ,000 
EC 9,600 820 2, 8 8 7  1 ,400 1 60- 1 ,600 
Hardness 476 . 2  47 .6  1 64 5 00 500 
Ca2+ 224 1 1  62 7 5 -200 200 
Mg2+ 243 3 8  230 3 0- 1 50 3 0- 1 5 0 
Na+ 1 , 4 5 8  77 3 5 7  200 200 
K+ 1 44 22 72 -- --
C032
- 72 5 1 7  -- --
HC03- 3 74 1 1 8 234 -- --
cr 2, 5 5 6  4 8 2  5 8 8  2 5 0  250 
N03- 3 9  8 9  8 . 0  1 0  1 0  
S042- 1 ,295 1 . 1 3 43 1 200-400 400 
S i02 1 7. 5  2 . 1 1 . 1 3 -- --
F 4 . 64 0 .27 0.07 1 . 5 0  0 .6- 1 . 7 
Fe 0 . 3 3  0 . 00 0.07 0 . 3 - 1 . 0 0 .30 
B 0 . 3 7  0 . 00 0. 1 0  -- --
Zn 2. 1 8  0 . 00 0.20 5 . 00 5 . 00 
Ni 0 . 5 2  0 .04 0 . 3 0  -- --
Cu 0 . 2 3  0 .00 0 . 08 1 . 0- 1 . 5 1 . 0 
Co 0. 1 2  0 . 00 0 . 03 9 -- --
Sr 1 6. 3 5  0 . 7 5  3 . 68 -- --
Ba 0 . 1 4  0 . 00 0 . 04 3  -- --
Cr 0. 1 8  0 . 00 0 . 0 5 4  0 . 0 5  0.05 
Se 2 . 27 0 . 00 0 . 44 0 . 0 1  0 .0 1 
I 
Chemical analysis i s  in mg!I , and conductivity in JlS/cm.  Averages are 
calculated for the total number of the samples and N.D.  are replaced by' 
zeros .  
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6. 1 . 1 Water Ty pes 
Based on the TDS conten ts  in groundwater, the st udy area can be 
subdivided in to  t hree pari s .  The esatem part ,  inc lud ing A I  I l ayer, A l Oha 
and AJ Jaww p la in ,  has TDS conten ts  below 1 ,500 mg/I and its water is 
fresh and drinkab le .  A I  A in  Water Factory is  located i n  t he  southeastem 
comer of th is  part . The M iddle part , i nc lud ing Qam Bin t  Saud and AI Saad 
areas, has brack ish water (TDS con tents varies between 1 ,500 and 5 ,000 
mg/I) which needs t reatment prior use for domest ic  purposes. The th i rd 
part i nc ludes Suweyhan area and i t s  water is sa l ine and ul lsu i t able for most 
domest ic purposes (TDS >5000 mg/ I ) .  
According to t he  TDS content , t he Quatemary aqu i fer i n  the 
AI  Ain area can be d ivided in to  elll eastclll fresh-water region (TDS is  
< 1 ,500 mg/I), a central brack ish-water region (TDS varies between 1 , 500 
and 5 ,000 mg/l) and a westem sal i ne-water region (TDS is  > 5 ,000 mg/I ) .  
Al Oha area is  located wi th in  t he  fTesh-water region (F igure 57) .  
6. 1 .2 Water Ha rd ness 
Tota l  water hardness is defined as the sum of Ca2+ and Mi+ 
concent rat ions expressed as 1 llg/1 of CaC03 (Bol lwer, 1 978 ) .  Water 
c l assificat ion according to hardness is  given in Table 8 .  
Figure 5 7 .  Class ification of Al Ain groundwater into fresh, brack ish and 
sal i ne, accord ing to its IDS contents, February 1 995 . 
'" 
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Table 8 .  C lassification of water according to its hardness expressed in 
mg/I of CaCO) (Hem, 1 970) .  
Water type Hardness (mg/l) Water type Hardness (m�/l) 
Soft < 60 Hard 1 2 1 - 1 80 
'vl oderately Hard 6 1 - 1 20 Vel)' Hard > 1 80 
Except for the northeastern part of the study area « 60 mgll 
hardness), most of groundwater in the Quaternary aquifer in the AI Ain 
area is moderately hard (6 1 - 1 20 mg/I hardness), hard ( 1 2 1 - 1 80 mgll 
hardness) and very hard (> 1 80 mgll hardness). 
Water hardness stops the soap action and l eads to scale 
precipitation in tubes of Iundary machines and boi lers. Groundwater of the 
central and western parts of AI Ain is hard to very hard and needs to be 
sfotened before use for domestic purposes (Figure 5 8) .  
6.2 Agricultural Uses 
For evaluation the suitab i l ity of groundwater in the AI Ain area for 
agricultural uses, the effect of water on plants and soi l s  is assessed .  
6.2. 1 Sod i u n  Adso rption Ratio 
The sodium-ion concentration i s  important in  c lassifying i rrigation 
water because sodium reacts with soi l  to reduce its permeabi l ity .  The 




92. .. 94, 
Figure 58 ,  Classification of AI Ain groundwater into soft ,  moderately hard, 




( 8 )  
This equation is used for evaluat ing the sui tabi l i ty of water for irr igat ion 
purposes. Concentrat ioJ ls of  Na� ,  MgH aJ ld CaH are expressed i n  meq/l. 
The calculated S A R  val ucs for grou l ldwatcr samples col lected from 
AI Ain and A l Oha areas during Febru ary 1 995 and March 1 996 are l isted 
in Tables 9 and 1 0  and shown 0 1 1  Figures 59 and 60. The February 1 995 
SAR values ranged between 2 i n  AI Jaww plain (wells no. 69 and 7 1 )  in 
the southeastern comer of the study area and 47 in the central part of the 
study area (wel l no . 20) .  The March 1 996 SAR values ranged from 2 .22  
i n  the nortJleastem part or  Al Oha area ( we l l  n o .  5 )  and 1 9 . 1 4  south of 
AI Oha and north of AI H i l i areas ( wel l no. 1 3 ) .  
Table 9. Sodiwn adsorpt ion ratios calculated for groundwater samples 
col lected from the Quaternary aquifer of AI Ain area in February 
1 995. 
Well SAR Well No. SAR Well No. SAR Well No SAR 
No. 
74 3 22 3 7  2 3  4 3  5 8  1 6  
3 1  5 69 2 24 32 7 1  2 
3 6  5 70 5 27  4 1  72 4 
3 7  5 46 1 6  28 1 0  73 9 
77 5 97 1 7  32 5 75 5 
90 3 8  1 7  1 6  3 3  5 2 1  4 5  
1 9  2 8  1 8  1 4  56 1 7  20 47 
"0 
55' , 20' 
83' .  dl .... " 8� + . '  ' � .111/'41 :thl� 
Figure 59 .  I so-SAR contour map of groundwater in the Quatemary aqu ifer 






2,· 2,' ) 
o 
1 9 • 
! ! 
SCALE 










\ ' '. . �\ Wadi '. -'! \ o\Masakin \ o ' 't-" l. \. \ H36 \ . \ 
323 1 \ \ ".,0 \ 34 _3) ' 29 \ .. 2s,JJ \ . \ 240 25' . /,  
36 "35 Qun 
'-. . ./. I 
J 
f 





�/( l' ! 
• J /-
I 1 2 2 ;' 1 0  / i ' J ' 
240 20' 
l H  
I t // L---r-� 0 
240 1 5' 
Buraimi 55° 50' 
Figure 60 . Iso-SAR contour map of groundwater in the Quaternary aquifer 
of AI Oha area March 1 996 .  
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Table 1 0 . Sodium adsorpt ion ra t ios ca lcu l ated for groundwater samples 
col lected from the Quatemary aqui fer of A l Oha area i n  M arch 
1 996. 
Well No. S A R  W e l l  N o .  SA R Well No.  SA R Well N o. SA R 
t 5 . 3 3  I I  7 . 5  1 8  6 . 4  2 8  4 . 5 2  
2 1 0 . 4 5  1 2  7 . 3 3  1 9  1 4 . 0 1 29 4 . 23 
3 3 . 94 1 3  1 9 . 1 4 20 4 . 6 1 3 0  5 . 73 
4 3 . 04 1 4  5 . 08 2 1  3 . 5  3 1  3 . 78 
5 2 . 22 1 5  5 . 8 7  22 4 . 76 3 2  5 . 29 
6 2 . 52 1 6  1 3 . 8 7  2 3  5 . 46 3 3  4 . 84 
7 1 . 95 1 7  4 . 9 1 24 1 1 . 26 3 5  4 . 0 8  
1 0  7 . 66 26 2 . 5 5  
According to t he  SAR values (Table I I ), groundwater i n  t he  eastem 
part of A1 Ain area has a l im i ted hallnful  e ffect on plants when used for 
irrigation .  I n  the cen t ra l  part ,  groundwater can cause moderate to h igh 
hannful effects for p lants  when appl ied for i rr igat ion .  In the westem part 
of  the study area, water can cause very h igh hannful effects  i f  used for 
i rrigat ion even for good d ra inage soi ls ( Figure 59) .  I n  AI Gha area, the 
SAR values show the same general d ist rbut ion as AI fun area, however, 
A1 H i l i  and east AI Gha area show h igh SAR values, poss ib ly because of 
the high Ca2+ and Mi+ relat ive to Na + (Figure 60) .  
Table 1 1 . C lassi ficat ion of groundwater accord ing to Sod ium 
Adsorption Rat ios for AI  A in  and A I  Gha areas (Todd, 1 980) .  
SAR Effect SA R Effect 
< 1 0  Limited hann ful  e fTect 1 8-26 H igh h arn fu l  e ffect 
1 0- 1 8  Moderate hannfu l  e fTect  > 26 Very h igh hann fu l  effect  
1 26 
6. 2 . 2  I rriga tion  \Va te r  
I n  addition to  other criteria, the suitabi l ity of  groundwater for 
irrigat ion can be based on sal inity .  In  AI Ain area, the low-sal inity 
groundwater « 500 mg/I ) 1 11 the northeastern part can be used for 
irrigating al l  k inds of crops (Figure 6 1 ) . Water at AI Hayer, AI Oha and 
Al Jaww plain areas are suitable for irrigation of several crops (TDS 
ranges from 500 to 1 ,000 mg/I ) .  Westwards, water sal in i ty gets higher and 
its suitabi l i ty for irrigation becomes l imited to salt-tol erant crops . Around 
Suweyhan, groundwater is  very hannful for i rrigat ion of tradit ional crops 
(TDS > 5 ,000 mg/l ) .  
� 
1 
O M AN 
Figure 6 1. Classification of groundwater of AL Ain area for irrigation of 
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CHAPTER V I I  
CONCLUSIONS 
1 .  The location of AI Ain and AI Oha areas c lose to the Oman mountains 
ha a c lear influence on quant i ty, chemistry and qual ity of their 
grOLmdwater. The Quaternary al luvial aquifer in  both areas receives 1 5  
m i l l ion cubic meters of low-sal in i ty, good-qual ity water as an annual 
recharge . 
The low dissolution and reactivity of the gravels  and sands fonning the 
Quaternary aquifer in AI Ain and AI Oha areas help maintaining good­
qual i ty grOLmdwater in both areas. 
-; The mean annual values of air temperature re lative humidity,  pan 
evaporation and rainfal l  I I I  AI Oha area are 27 . 5°C, 50%, 3650 nun 
and 1 00 m, respectively .  
4 .  The depth to groundwater i n  A I  Ain and Al Oha areas are 90 and 30  m, 
respecti ely.  The hydraul ic head changes from 300 m above sea level 
( asl ) east of AI Oha area to 1 50 m asl west of Al Ain town . Excessive 
groundwater pumping has created two cones of depression centered 
west of AI Ain and east of Suweyhan areas. 
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5 .  The average t ransm iss ivi ty (T)  of the Quaternary a l luv ia l  aqu i fer i n  
A I  A in  area and A l Oha areas i s  5 200 m2/day and t h e  average storat i vi ty 
(S)  i s  5 X 1 0-4 . 
6 .  The TDS contents i n  groundwater of A l Oha area i n  M arch 1 996 ranged 
from about 500 mg/I i n  the northeast to 6,000 mg/I in the southeast . The 
h igh groundwater sa l i n ity w i th in ;\ 1  Ain c i ty  i nd icates the eITect of heavy 
pumping .  The TDS contents i n  ;\ 1  Oha groundwater exceeds the WHO 
recommended l im i t  for dri nk i ng  water i l l  several we l ls ,  espec ia l ly  those in  
the western part . 
7 .  The sequence of  c(lt ion domi l l (l nce in groundw(lter of the Quaternary 
aqu i fer m AI  A in  area i n  February 1 99 5  has the order: N a+> M!?+> Ca2+> 
K+ in the  eastern p(lrt (lnd N(I+> Ca2 ' >  Mg2+> K+ in the western part . I n  
March 1 996, the  order o f  cat ion dominance i n  groundwater o f  A I  Oha area 
was Na+> Mi+> Ca2+> K+. I so-concent rat ion contour maps shows a 
genera) increase i n  the amounts of a l l  ca t ions from east to  wes t �  i n  the  
direct ion of groundwater flow.  Loca l  i ncreases are assoc iated wi th  heavy 
groundwater pumping or downward movement of re lat i vely h igh-sal i n i ty 
irrigation water in to  the aqu ifer .  
8 .  The sequence of an ions dominance in groundwater of A I  Ain  area i n  
February 1 995  has the order: I ICOJ-> CI -> SO/->CO/- I I I  the  eastern part 
and cr> sol-> HCOJ-> CO/- i n  the western part . I n  March 1 996, the  
1 30 
anton dominance in  groundwater of Al Oha was : HC01-> cr> SO/­
>col- i n  the eastem part and CI-> SO/-> HCO:1-> C0:12- in the westem 
part . Except for HCO)-, concentrat ions of a l l  anions increases from east to 
west ;  in the d i rect ion of groundwater flow.  
9 .  Except of one sample  col l ected from the Wel l  no.  57 ,  along AI  Ain-Abu 
Dhabi road, nitrate ion (N03-) content in groWldwater of AI Ain and AI 
Oha areas are below the WHO recommended l im i t  for drink ing  water. 
Because the average groundwater depth in AI Oha area is 30 m and the 
mean annual  rainfa l l  does not exceed ] 00 mm, low n i trate ion (NO)-) 
concentrations were measured i n  groundwater AI Ain  and Al Oha areas 
during February 1 996-March 1 996 period . The app l i cat ion of modem 
i rrigat ion technologies in addi t ion to the l im ited groundwater recharge 
does not penn i t  effective leach ing of n i trate ion (NO) -) from the soi l  zone 
into groundwater underneath the Shldy area.  
1 0 . Phosphate concentrat ion of groundwater samples col lected from the 
Quaternary aqu ifer in the AI  Ain area i n  Febmary 1 995  ranged from 0 . 6  
mg/l i n  t h e  western part to 1 mg/I i n  t h e  northeast . Desp i te  t h e  fact  that 
phosphate fert i l izers are equa l ly  in use as the n i t rates, phosphate 
concentrations in  groundwater are much lower because of their attenuation 
in  the soi l  zone .  
1 3  I 
] 1 .  Concentrat ions of bari um ( 8a ), chrom iu l l l  (Cr), Copper (Cu),  i ron ( Fe), 
l ead ( Pb), manganese (Mn), zinc (Zn ), fl uoride (F) and s t ron t i um ( Sr) were 
measured in  groundwater sar l l p lcs co l lected from t he st udy area i n  
February 1 995 al ld March 1 <)<)6 .  Con tcn ts  of tJ lese t racc const i t uents are 
below WHO recol l lmended l im i t s  for dr ink ing water in  most wel l s .  
However, some wel ls wi th  conten ts  above the WHO l im i t s  ex is t  i n  the 
western part of the s tudy area or c lose to urban centers which represent 
artific ial sources of t hese meta ls .  
1 2 . Comparison of the water qua l i ty parameters of t he WHO and the GCC 
with those of groundwater i n  A.I  Ain  and A.I Oha area i nd icate t hat water i n  
both areas, espec ia l ly  in  t he  eastern pan , meets t he recommended l im it s  
for drink ing water .  
1 3 . According to  t he TDS conten t ,  t he QlIatemary aqu i fer in  t he AI  A in  
area can be  divided i n to  a l l  eastem fresh-water region (TDS is  < I , 500 
mg/l), a central brack ish-water region (TDS varies between 1 , 500 and 
5 ,000 mg/I) and a westem sal ine-water region (TDS is  > 5 ,000 mg/I ) .  Al 
Oha area i s  located wi th in  the fresh-water region . 
1 4 . Except for t he nonheastern part of t he st udy area « 60 I I I  gil hardness), 
most of groundwater in  t he QlIatemary aqu i fer in the AI Ain area is 
moderately hard (6 1 - 1 20 mg/I hardness), hard ( 1 2 1 - ]  80 mg/I hardness) 
and very hard (> 1 80 mg/I hardness) .  
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J 5 .  Accord ing to the SAR va i l les, groundwater i n  the eastem part of A I  
A in  area has a l i m ited han n fu l  efTect al l  p l an ts  when  lIsed for i rr igat ion . I n  
the  cent raJ  part , grol lndwater ca l l  ca l i se moderate to h igh hannfu l  e fTects 
for p lan ts  when app l ied for i rr iga t ion .  I I I  the  westem part of the study area, 
water can cause very h igh hamlfu l  efTect s  i f  used for i rr igat ion even for 
good drainage so i ls .  I n  A l Oha area, the SAR va l ues show the same 
general d istrbu t ion as A I  Ain  area, however, AI  H i l i  and east AJ Oha area 
show h igh SAR va lues,  poss ib ly  because of the h igh Ca2+ and Mi+ 
rela t ive to  Na+ .  
1 6 . I n  AJ Ain  area, the low-sa l i n i ty groundwater « 500 I l lg/ I )  i n  the  
northeastem part can be used for i lT igat ing a l l  k i nds of crops .  Water at  AI 
Hayer, A l Oha and AI Jaww p l(l in  (l re(ls (Ire su i tab le  for i rr igat ion of 
severa l  crops (TDS ranges from 500 to 1 ,000 mg/I ) .  Westwards, water 
sal in ity gets h igher and i ts  su i tab i l i ty for i rrigat ion becomes l i m i ted to  sal t­
tolerant crops .  Around S uweyhan ,  groundwater i s  very hannfu l  for 
irrigation of t radi t ional  crops (TDS > 5 ,000 mg/I ) .  
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A PPENDI C ES 
A P P E N D I X  A 
R cs u l t s o f  c h e m i c a l  a n a l y s i s  
o f  g rol l l u l w H  t C I" SH  . . .  p l cs co l l c c t cd fro m 
t h e  Q u a t c n l a l"Y a q u i fc r  o f  A I  A i n  a re a  i n  
F c h r l l a ry 1 ') ')5  
1 1(, 
Ser. No. Well No. EC (ms) pH TDS Units Ca++ Mg++ Na+ 
ppm 1 02 1 73 9 340. 3 
1 74 3 5  7 6  1 982. 7 epm 5. 1 1 4 . 3 1 4 8 
e% 1 4 7 4 1  4 42.9 
ppm 2 2 . 4  29. 2 80.5 
2 3 1  0 6  8 478 8 epm 1 1 2 . 4  3 . 5  
e% 1 5 . 7  33.7 49 1 
ppm 38 8 77 8 259. 8 
3 36 2 7 8  1 238. 3 epm 1 9 6 . 4  1 1  3 
e% 9 . 8  32. 3  57. 1 
ppm 22 . 4  3 1  6 1 0 1  2 
4 3 7  0 8  8 54 9. 1 epm 1 1 2 . 6  4 4  
e% 1 3 6 3 1 . 5  53 4 
ppm 30.6 1 1 3. 1  360. 9  
5 7 7  2 7  7 8  1 6 1 8. 7  epm 1 . 5  9 . 3  1 5 7 
e% 5 . 7  34 7 58.6 
ppm 1 4 3 1 1 9. 2 7 1 9. 6 
6 79 4 7  8 2593.5 epm 0. 7 9 8  3 1 . 3 
e% 1 . 7 23 2 74 
ppm 2 2 . 4  1 35 839. 1 
7 80 5 2  8 3006 2 epm 1 1 1 1 . 1  36.5 
e% 2 . 3  22. 5  74 
ppm 32.6 55.9 220.7  
8 8 1  1 5 8 . 2  1 04 7 . 9  epm 1 . 6 4 6  9.6 
e% 1 0 2 28 7 59.9 
ppm 8 1  6 290 6 839. 1 
9 8 2  6 4  7 3775 8 epm 4 1 23 9 36 5 
e% 6 3  36. 8  56. 2 
K+ Sum.  Cat. C03- HC03-
1 2. 9  9 1 22  
0 . 3  34. 5  0 .3 2 
1 0.9 6. 1 
4 . 3  1 5  1 28. 1 
0. 1 7 . 1 0.5 2. 1 
1 . 5  6.8 2 8 . 8  
5. 9 9 1 22  
0.2  1 9. 8  0.3 2 
0 . 8  1 . 5 1 0 . 1  
5. 1 9 1 22  
0. 1 8 . 2  0.3 2 
1 6 3.6 23.8  
1 0. 6  1 2  1 76 . 9  
0. 3 26. 8 0.4 2. 9 
1 1 . 5  1 1 . 1  
1 9. 5  9 329.4 
0 . 5  42.3 0.3 5 .4 
1 . 2 0. 7 1 3. 1  
24 . 2  2 1  305 
0.6 49.3  0 .7  5 
1 . 3  1 . 5  1 0. 5  
7 . 8 21 1 83 
0. 2 1 6  0.7 3 
1 . 2 4.2 1 8. 2  
1 6. 8  1 5  30 1 . 9  
0. 4 64 . 9 0.5 4 . 9  
0 . 7  0 .8 7 . 9  
S04-
523.2 
1 0. 9  
33. 1 
1 24. 8 
2.6 
35.6 
398. 4  
8 . 3  
4 1 . 9 
1 58. 4 
3 .3  
39. 3 
4 1 7.6 
8.7 





1 3. 2  
27.6 
278 . 4  
5 . 8  
35. 1 
782. 4 























60. 5  
248. 5 
7 
42. 5  
1 448 4 
40. 8 
65. 3 
Sum. anI.  
32. 9  
7 . 3  
1 9 8 








Ser. No. Well No. EC (ma) pH TOS Units C .. ++ Mg++ Na+ 
ppm 1 1  36 5  280. 5 
1 0  83 1 5 8 1 039.4 epm 0 5  3 1 2.2  
e% 3.4  1 8 8 76 5 
ppm 97 9 1 1 5 5 742.6 
1 1  85 5 7 8  2809 3 epm 4 9  9 . 5  32. 3  
e% 1 0 . 4  20 2 68.7 
ppm 1 4 3 48 6 5 1 9.6  
1 2  86 2.9 8 1 787.2  epm 0 7  4 22.6 
e% 2 6  1 4. 3 80.8 
ppm 1 4 3 59 6 301 2 
1 3  87 2 8 1 237 7 epm 0 7  4 9  1 3. 1  
e% 3 . 7  25. 6 68.3 
ppm 1 42 8 1 80 839. 1 
1 4  89 6. 1 7 8  3569 3 epm 7 1 1 4 8 36. 5 
e% 1 2  1 25 2 62.2 
ppm 1 1 4. 2 1 1 8  1 1 0 1  2 
1 5  90 6 5  6 9  3767 epm 5 7  9 7  47 9 
e% 8 9  1 5. 2 75. 1 
ppm 89 8 66 9 1 1 0 1 .2 
1 6  1 9  6 6  7 . 9  3484 3 epm 4 5  5 5  47 9 
e% 7 7  9 . 4  8 1 . 9 
ppm 1 40. 8 99 6 1 800. 1 
1 7  2 1  1 0  1 7 7  5737 . 2  epm 7 8. 2 78.3 
e% 7 5  8 .7  83. 3 
ppm 2 7 1  3 1 87. 3 1 846. 1 
1 8  22 1 1  4 8. 1 6501 4 epm 1 3 5 1 5. 4  80.3 
_ _ _  L. e% 1 2. 3  1 4  73. 1 
K+ Sum. Cat. C03- HC03-
7 . 8  1 5  262. 3 
0 . 2  1 6  0 .5  4 .3  
1 . 3 3.2 27. 9 
1 1  7 6 1 1 5.9  
0 . 3  4 7  0.2 1 .9 
0.6 0.4 4. 1 
2 5 . 4  1 2  240. 9 
0.6 28 0.4 3 .9 
2 . 3  1 . 4  1 4. 1  
1 8  9 1 73.8 
0.5 1 9.2 0 . 3  2.8 
2 . 4  1 . 5  1 4. 4  
1 0.6 3 94. 5 
0 . 3  58 .7  0. 1 1 . 5  
0 .5  0 .2  2 .5  
1 9. 5  1 2  1 09.8 
0 5  63.8 0 .4 1 . 8 
0 . 8  0 . 7  3 
23. 1 9 1 09.8  
0 . 6  5 8 . 5  0.3 1 .8 
1 0. 5 3.2 
1 8 . 4  3 1 1 2.8 
0 . 5  94 0. 1 1 . 8  
0. 5 0. 1 2 
2 1 . 1  3 94. 5  
0 .5  1 09 . 8  0. 1 1 . 5 





6 1 9.2  
1 2. 9  
28 
326. 4  
6. 8 
24.2 
278 . 4  
5 . 8  
29. 3 
772.8  
1 6. 1  
26. 5 
868.8  
1 8. 1  
29. 9  
643.2 









234. 3  
6.6 
42.9 




1 6.9  
60. 3 
383.4 
1 0. 8 




1 423. 5 
40. 1 
66 . 4  









Sum. ani .  
1 5 4 
46 
28 1 







Ser. No. Well No. EC (ms) pH TDS Units Ca++ Mg++ Na+ 
ppm 24. 5 34 200 
1 9  29 1 . 3  7 . 8  8 1 7. 3  epm 1 . 2  2. 8 8 . 7  
e% 9. 4 2 1 . 5  67 
ppm 1 7 1 . 4 1 76 . 3  1 859.9 
20 92 1 0. 5  7 8  6200. 9 epm 8.6 1 4. 5 80.9 
e% 8 . 2  1 3. 9 77.6 
ppm 2 8 1 . 5 32 1 852. 9 
2 1  30 7 . 7  7 . 4  4489 . 5  epm 1 4  26 .4 37. 1 
e% 1 8  33.9 4 7 6 
ppm 2 1 2 . 2  1 1 4. 3  680. 5 
22 9 1  5 2  8 3 1 04 2 epm 1 0. 6 9 .4  29 6 
e% 2 1 . 1  1 8. 7  59 
ppm 1 8 . 4  35. 3 50.6 
23 69 0. 6 8. 2 423 8 epm 0. 9 2 9  2 . 2  
e% 1 5 . 1  4 7 . 7  36. 2  
ppm 2 2 . 4  4 5  80.5  
24 70 0. 7 8 567. 8 epm 1 . 1  3. 7 3 . 5  
e% 1 3. 3  44. 1 4 1 . 7 
ppm 83.6 98. 5 620. 7 
2 5  93 4 7 9  2403.6 �m 4 . 2  8. 1 27 
e% 1 0. 5 2 0 . 4  68. 1 
ppm 1 91 . 8 1 65.4 839. 1 
26 46 6.2 7 . 8 3628. 3 epm 9. 6 1 3. 6  36. 5 
e% 1 5. 9  22.6 60. 7 
ppm 2 7 5 . 4  227.4 1 1 0 1 . 2  
27 97 8 7 . 4  502 1 . 9  epm 1 3. 7  1 8. 7  4 7. 9 
e% 1 6 . 9  2 3  58. 9 
K+ Sum. Cat. C03- HC03-
1 0.6 6 1 1 5. 9 
0 . 3  1 3  0.2 1 .9 
2 . 1  1 .6 1 5  
1 4. 1  9 1 00. 7 
0 4  1 04 . 3  0 . 3  1 . 7 
0.3 0 .3 1 .6 
1 3. 7 6 94. 5 
0 . 4  77 9 0.2 1 . 5 
0 . 4  0 . 3  2 
2 3. 8 1 5  1 06 . 8  
0 6  50. 2 0 5  1 . 8 
1 . 2 1 3.6 
2 .3 9 1 03 . 7  
o 1 6 . 1  0 . 3  1 . 7  
1 4. 5 25. 8 
3 1 6 1 09.8 
0. 1 8 . 4  0.2 1 . 8 
0. 9 2 . 2  20 
1 4. 9 1 2  97.6 
0 . 4  39. 7  0 .4  1 .6 
1 1 4 
1 8 8 9 73.2 
0. 5 60. 2 0 .3 1 .2 
0 .8 0 . 5  1 . 9  
37 5 1 2  97.6 
1 8 1 . 3  0 . 4  1 .6 





1 44 4 . 8  
30. 1  
30 
1 070.4  
22. 3 
29 2 
1 1 28 
23 5 
48 
1 58 4 







24. 7  
580 . 8  
1 2 . 1 
1 9. 2  
1 968 
4 1  






68. 4  
68. 1 







1 . 3 
1 9. 7  
99. 4 
2.8 
31 . 1  
1 00 1 . 1  
28. 2 
70. 4  
1 750. 2 
49. 4  
78 .4 
1 302.8 
36. 7  
46. 1 
Sum. ani. 
1 2. 7  
1 00 4  
75 
49 









Ser. No. Well No. EC (ma) pH TOS U n it. Ca++ Mg++ 
ppm 32 6 29. 2 
28 98 1 7 7 . 7  1 04 5 . 6  epm 1 . 6 2.4 
e% 9 9  1 4 6 
ppm 208. 1 1 1 9 2 
29 4 1  8.9 7 5  5098 6 epm 1 0 . 4 9 8  
e% 1 2 . 4 1 1  7 
ppm 1 26 5 1 43 . 5  
30 88 2676 9 epm 6. 3 1 1  8 
e% 1 3 9 25. 9 
ppm 1 2 8 3 1 89 7 
3 1  1 7  1 4 3 7 8  8737 7 epm 6 4  1 5 6 
e% 4 . 3 1 0 5 
ppm 40. 1 28 
32 1 8  2 .8 7 9  1 692. 5 epm 2 2. 3 
e% 7 7  8 8  
ppm 222.4 1 04 6 
33 20 1 5 2 7 7  1 0325 epm 1 1  1 8 6  
e% 6 6  5. 1 
ppm 98. 2 1 3 1 . 3  
34 23 1 2.6 7. 8 8402 epm 4 9  1 0. 8 
e% 3. 5 7 8  
ppm 90.2 58 .4  
35 24 7. 6 7 . 8  4748. 8 epm 4 5  4 8  
e% 6 6 . 4  
ppm 1 2  1 9 5 
36 27 4 2  7 9  291 1 . 7  epm 0 6  1 .6 
_L- e% 1 3 3 .5 
Na+ K+ Sum. Cat. C03-
280. 5 8 . 2  9 
1 2. 2  0 . 2  1 6 . 4  0 .3 
74 2 1 . 3  1 . 9 
1 446. 1 23. 8 3 
62. 9 0. 6 8 3 . 7  0. 1 
75. 2 0 . 7  0. 1 
620 7 1 6  2 1  
27 0 . 4  4 5 . 5  0 . 7  
59. 3 0 . 9  1 . 6 
2899 4 3  1 2  
1 26 1 1 1 1 49 .2  0 .4  
84 5 0 . 7  0.3 
487 4 23. 5 6 
21 2 0. 6 26. 1 0.2 
8 1  2 2 . 3  0 . 8  
3397 9 66 5 1 5  
1 47 8 1 . 7  1 69.2  0. 5 
87. 4 1 0.3 
2797 9 4 6 . 9  6 
1 2 1  7 1 . 2  1 38.6 0.2 
87 8 0 . 9  0. 1 
1 485.2 35 . 2  9 
64 .6 0 . 9  7 4 . 8  0 . 3  
86 . 4  1 . 2 0.4 
1 000 1 1 1 . 7 24 
43 5 0 . 3  46 0.8 
94 6 0 7  1 . 8  
HC03- SO� 
1 43 . 3  3 1 2  
2 . 3  6. 5 
1 5  4 1 . 5 
36.6 720 
0.6 1 5  
0 . 7  1 7.2 
1 1 5 . 9  532.8 
1 . 9  1 1 . 1  
4 . 2  24. 8  
1 22  744 . 5  
2 1 5. 5  
1 . 4  1 0. 5  
97. 6 634 
1 . 6 1 3.2 
6 . 2  5 1 .6 
1 64 . 7  1 935.6 
2 . 7  40.3 
1 . 6  24 
97.6 1 493. 7 
1 .6 31 . 1  
1 .2 22.5 
1 22  1 349.6 
2 28. 1 
2.6 37.2 
244 600.4 
4 1 2. 5  





4 1  6 
254 1 . 8 
71 7 
82 
1 1 00 5  
3 1  
69 .4 
4599 2 
1 29 7 
87 9 
375 9 
1 0 6 
4 1 . 4  
44 1 8. 3 
1 24.6 










Sum. ani.  
1 5 . 7  
87 4 
44 7 
1 47 6 
25.6 
168 1 





Ser. No. Wel l  No. EC (rna) pH TDS Units Ca++ Mg++ Na+ K+ Sum. Cat. C03- HC03- Sa.- CI- Sum . •  ni. 
ppm 38 1 37 7 1 498.9 23. 5 1 8  207 .•  8 1 1 . 7  1 80 1 .4 
37 28 6 . 5 7 8  4436 7 epm 1 9 3. 1 65.2 0 . 6 70.8 0.6 3 . 4  1 6 . 9  50.8 7 1 . 7  
e% 2 . 7  4 4  92. 1 0. 8 0 .8 •. 7 23.6 70. 9 
ppm 1 6  1 9 5 1 3 1  3 9  1 2  207.4 28.8 1 70.2 I 
38 32 0 9  7 8  588 8 epm 0 8  1 6 5. 7 0 . 1  8 .2 0 . 4  3 . 4  0.6 4. 8 9.2 I 
e% 9 . 7  1 9 6 69. 5  1 . 2 4 . 3  3 7  6. 5 52.2 
ppm 1 6  57 2 204 . 6 3 . 9  1 8  1 83 67. 2 365. 2 
39 33 1 7 7 9  9 1 5 . 1  epm 0 8  4 7  8 . 9  0 . 1 1 4. 5  0.6 3 1 . 4 1 0 3 1 5. 3 
e% 5 5  32.4 61 4 0. 7 3.9 1 9.6  9. 1 67. 3 
ppm 56 1 49 9 1 298.9 2 3 . 5  1 2  1 34 . 2  826. 1 1 549.6 
40 56 6 3  7 9  3950 3 epm 2 . 8  4 1 56. 5  0 .6  64 0 .4 2 .2  1 7.2 43. 7 63. 5 
e% 4 4  6 4  88. 3 0. 9 0.6 3. 5 27. 1 68. 8 
ppm 1 40 3 87 6 1 066 7 3 1 . 3  9 1 03 . 7  1 440.9 1 060 3 
41  57 6 7 8  3939 . 8  epm 7 7 2  46 .4  0. 8 6 1 . 4  0.3 1 . 7  30 29. 9 61 9 
e% 1 1  4 1 1  7 75.6 1 . 3 0.5 2.7 48.5 48. 3 
ppm 82.2 87 6 898.9 1 9. 5  6 1 03 . 7  34 1 1 457 4 
42 58 5 3  7 7  2996. 3 epm 4 1 7 2  39 1 0. 5 50.9 0.2 1 . 7  7. 1 4 1 . 1  50 1 
e% 8 1 1 4 2 76. 8  1 0 . 4  3 .4  1 4.2 82 
ppm 1 8  28 39. 1 3 9  6 1 34. 2  57.6 60. 3 
43 7 1  0 4  7 7  347. 1 epm 0 9  2. 3 1 7 o 1 5 0.2 2.2 1 . 2 1 . 7  5.3 
e% 1 8  46 34 2 3.8 4 1 . 5  22.6 32. 1 
ppm 36 1 45 1 49 4 3 . 9  6 1 40 . 3  1 77 . 7  2 1 9 . 9  
44 72 1 1 7 6  778 . 3  epm 1 . 8 3 7  6. 5 0 . 1 1 2 . 1  0.2 2 . 3  3 . 7  6.2 1 2. 4  
e% 1 4. 9  30 6 53 7 0 . 8  1 .6 1 8. 5  29. 8 50 
ppm 4 8. 1 1 08.2 498. 9 1 9. 5  2 1  207.4 465.9 698.6 
45 73 2.9 7 8  2067 6 epm 2 . 4  8 9  2 1  7 0 . 5  33.5 0. 7 3 . 4  9. 7 1 9. 7  33. 5 
e% 7 2  26 6 64 8 1 . 5  2. 1 1 0. 1  29 58. 8 
ppm 26 1 43 8 200 1 1  7 24 2 1 9.6 1 87. 3 209 2 
46 75 1 1 8 1 921  7 epm 1 3 3. 6 8 . 7  0 . 3  1 3. 9  0 .8 3.6 3 .9 5 9  1 4 2 
e% 9 4  25 9 62.6 2 . 2  5.6 2 5 . 4  27. 5 41 5 
-
A 
Ser. No. Well No. S r  C r  Fe Zo Pb 
1 1 7  9 30 0.0 1 0.06 0.00 0.00 
2 1 8  7 .75  0.05 0.03 0.00 0.00 
J 20 8 . 1 1  0.05 0. 1 5  0.00 0.08 
4 2 3  1 1 . 20 0. 2 1  0.07 0.00 0 .39  
5 24 1 0 . 5 9  0 07 0. 1 3  0.00 0.23 
6 27 2 . 9 8  0. 1 0  0.04 0.00 0.25 
7 28 7 .06 0.09 0.04 0.00 0.0 1 
8 3 2  1 . 3 7  0.00 1 . 5 4  0. 94 0.26 
9 3 3  2 . 3 0  0.00 0.04 0.00 0.00 
1 0  5 6  6 . 7 9  0. 1 4  0.06 0.02 0.07 
1 1  57 8 .57 0.09 0.07 0.02 0.04 
1 2  5 8  1 0 . 1 6  0.0 1 0.07 0.00 0.06 
1 3  7 1  6 .6 1 0.05 0 . 1 4  0.00 0.03 
1 �  7 2  0.66 0.0 1 0.06 0.00 0.02 
1 5  7 3  5 . 2 6  0.06 0 .04 0.00 0.03 
16 75 1 . 8 8  0.04 0.04 0.00 0.03 
Cu Co Ba 
0.00 0.00 0.00 
0.03 0.00 0.00 
0.00 0.00 0.00 
0.03 0.0 1 0.03 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.03 0.04 
0.05 0.00 0. 1 2  
0.0 1 0.00 0. 1 3  
0.04 0.02 0.02 
0.02 0.00 0.04 
0.05 0.00 0.05 
0.05 0.00 0.03 
0.00 0.0 1 0. 1 0  
0.08 0.00 0.02 
0.08 0.00 0.00 
Mn F 
0.00 0.00 












0.00 1 . 4 1  
0.00 1 .70 






1 3 . 9 1  
5 . 46 
6.06 
1 8 . 2 5  
1 . 7 1  
3 . 1 8  
� . 70 
� 7 . 3 2  
41 .50 
1 . 22 
1 .6 1  





A P P E N D I X  B 
H rs u l t s o f  c h r m ica l a n a l y s i s  
of  g rou n d w a t e r  s a m p l es co l irdrd  fro l l l  
the  Q u a t e r na ry a q u i fe r  o f  A l O h a  a rea  i n  
l\ l a rc h  1 996 
1 4 3  
Ser. No. Wel l  No. EC pH TDS Untls C a++ Mg++ Na+ K+ Sum Cat. COJ- He03- S04- Ct- Sum AnI. 
1 1 2460 8 1 4 1 574 ppm 69 4 79 2 274 . 9 52. 1 7.2 1 45.8  227.7 527 3 
I epm 3 . 5  6 6  1 2  1 . 3 2 3 . 36 0. 1 2 .4 4.7 1 4. 9 22. 1 1  
epm% 1 4 9 28. 3 5 1 . 2 5 . 7  0 .5  1 0.8  2 1 . 5  67.2 
2 2 8 1 20 8 1 4 5 1 97 ppm 224 1 243. 1 953 6 1 9 1  0 243 934.2 2075 . 4  
epm 1 1  2 20. 3 4 1  5 4.9 77 .83 0 4 1 9. 5  58. 5 81 .91  
epm% 1 4 4 26 53.3 6 .3  0 4 .9 23. 8 71 . 4 
3 3 1 360 8 37 870 ppm 46. 1 5 1  8 1 6 5  1 3 1 . 3  1 0. 8  232. 1 1 1 0 5 247 3 
epm 2 3  4 3  7 2  0. 8 1 4 6 0 .2  3 .8  2 . 3  7 1 3 25 
epm% 1 5. 8 29.6 49 2 5 . 5  1 . 4 2B. 7 1 7. 4  52.6 
4 4 1 770 8 39 1 1 33 ppm 4 8 4 92 1 56. 9 61 . 2  1 3. 2  229.7 1 64 . 9 309. 8  
epm 2 . 4  7 8  6. 8 1 6 1 8 . 4 8  0 . 2  3 .8 3 . 4  8 . 7  16. 1 5  
epm% 1 3  1 4 1 . 5 36 9 8 . 5  1 . 4  23.3 2 1  3 54 
5 5 820 8 4 5 525 ppm 1 9  44 3 77 9 28.2 1 2  1 50.7 75.5  1 1 4. 5 
epm 1 3 . 7  3 .4  0 . 7  B .75 0.2 2 .5  1 .6 3.2 7 47 
epm% 1 0. 9  42. 2  38. 1  B . 3  2 . 7  33. 1 2 1 . 1  4 3 . 2  
6 6 2330 8 09 1 4 9 1  ppm 66 7 1 28 1 53. 1 88. 4 4 . 8  1 1 7. 9  1 2 1 . 7  405.9 
epm 3 3  1 0 7 6 7  2 . 3  22.92 0. 1 1 . 9  2 .5  1 4. 2 1 8. 77 
epm% 1 4 5 46 5 29 9 . 9  0 . 4  1 0. 3  1 3. 5  75 8 
7 7 950 8 . 32 608 ppm 37. 3 48. 3 76. 7  30 8 . 4  1 58 1 24. 8 1 24. 1 
epm 1 9 4 3.3 0. 8 9 99 0. 1 2.6 2.6 3 5  8.82 
epm% 1 8 . 7  40 . 3 33 . 4  7 . 7  1 .6 29.4 29.5 39.6 
8 1 0  4 1 00 8.28 2624 ppm 1 1 1 . 2 1 43. 8 52 1 .6 98 1 0. 8  273. 4 920. 8 7 1 3.6 
epm 5.6 1 2  22.6 2.5 42.73 0.2 4.5 1 9. 2  20. 1 43.94 
epm% 1 3  28 53 1 5 .9  0 .4 1 0.2 43.7 45.7 
9 1 1  4200 8 .33 2688 ppm 1 1 1 . 7  1 53.5 523.2 1 09 1 6 . 7  31 7.2 873.6 72 1 . 5  
epm 5 6  1 2. 8  22.8 2 . 8  4 3 . 92 0.3 5.2 1 8. 2  20. 3 44 
epm% 1 2 . 7  29 1 61 .6  '-- _ 6 . 4  0.6 1 1 . 8  4 1 .4 46. 2 
t 
Ser. No. Wel l  No. EC pH TOS Untis Ca++ Mg++ Na+ 
1 0  1 2  3960 8.29 2 5 3 4  ppm 1 04 8 1 46 2 497 . 4  
epm 5 2  1 2. 2  2 1  6 
epm% 1 2.6  29.2  5 1 . 8  
1 1 1 3  9600 8 .26 6 1 44 ppm 1 53 5 1 7 1  1 1 457 9 
epm 7 7  1 4 . 3 63 4 
epm% 8 . 7  1 6 . 1  7 1 . 6 
1 2  1 4  2600 8 4 1 1 66 4  ppm 76 6 1 1 1  3 299 3 
epm 3 8  9 . 3  1 3  
epm% 1 3.6  33 46.3 
1 3  1 5  1 500 8 54 960 ppm 26 6 4 5  2 1 5 . 3  
epm 1 3 3. 8 9 . 4  
eEm% 8 . 8  24 7 6 1 . 6 
1 4  1 6  5060 8 33 3238 ppm 72 8 1 00 7 782 . 3  
epm 3 6  8 4  34 
epm% 7 6  1 7 5 70. 9  
1 5  1 7  1 1 70 8 4 1 749 ppm 25 9 38 1 68 8 
epm 1 . 3 3 . 2  7 .3 
epm% 1 0 . 4  2 5 . 5  59. 1 
1 6  1 8  1 300 8 5 1 8 3 2  ppm 20 3 32.9 201 6 
epm 1 2 . 7  8 . 8  
epm% 7 8  20.9 66. 9 
1 7  1 9  5400 8 . 48 3456 ppm 65 5 1 32 . 3  861 . 7  
epm 3 . 3  1 1  37 5 
epm% 6. 1 2 0 . 4  69. 2 
1 8  20 1 370 8 49 877 ppm 3 1  5 58. 1 1 90. 1 
epm 1 6 4 8  8 . 3  
em% 1 0. 1  30 9 52. 5 
_ .. -
K+ Sum Cat. C03- HC03-
1 05 6 1 4. 3  374. 3 
2 . 7  4 1 . 76 0 .2  6. 1 
6 . 5  0.6 1 4.6  
1 25 . 9  1 7. 4  234. 4  
3.2 8 8 55 0.3 3.8 
3 .7  0 . 3  3 .7  
76 . 7  1 5. 5  263. 7 
2 28.08 0.3 4 . 3  
7 0.9 1 5.6 
29 1 1 3.2  250. 3 
0 .8  1 5. 1 9  0 . 2  4. 1 
4 . 9  1 .6 30. 1 
75 . 1 1 9. 1  30 1 . 4 
1 . 9  47. 97 0 . 3  4 .9 
4 0.6 8.7 
24. 3  1 3. 2  240.6 
0.6 1 2. 42 0.2 3.9 
5 2 36. 3  
22.5 1 6 . 7  279.5 
0.6 1 3. 1  0 .3  4 .6  
4 . 4  2. 3 37.6 
92.2  39. 4  330. 5 
2 . 4  54. 1 2  0.7 5 .4 
4 . 4  1 . 1  9 .2  
38. 5 22. 7  257.6 
1 1 5.67 0.4 4.2 
6.3 2 . 7  30.2 
S04-
849.9 




26. 2  
504. 2 








1 1 5. 3  
2.4 
22. 1 
1 52 . 7  
3.2 
26. 1 
1 06 1  
22. 1 
37. 3 













1 91 .6 
5 4  
39. 6 
1 1 1 5. 7  
3 1 . 4  
55. 5 
1 53 
4 3  
39 6 
1 46.7  
4. 1 
33. 9 
1 1 0 1  
31  
52 .4  
1 94 .8 
5 5  
39. 3 
Sum Ani. 
4 1  97 
1 03. 1 3  
27 69 
1 3 64 
56 67 
1 0. 88 
1 2. '  7 





Ser .  No. Wel l No. EC pH TOS U ntis Ca++ Mg++ Na+ K+ Sum Cat. C03- HC03- SO� CI- S u m  Ani .  
1 9  2 1  920 8 42 589 ppm 22. 1 39 1 1 8. 8 26 .4  1 7. 9 246.7 90. 5  89. 3 
epm 1 1 3 3  5.2 0 7  1 0.2  0 .3  4 1 . 9  2. 5 8 74 
epm% 1 0. 8  3 1 .9  50.7 6.6 3 .4  46. 3  2 1 . 6 28.8 
20 22 1 1 90 8 54 762 ppm 22. 1 43 7 1 68.6 27 1 9 . 1  279.5 1 77. 3  1 1 2.4  
epm 1 1 3.6 7 3  0 7  1 2. 77 0.3 4.6 3. 7 3 .2 1 1 .76 
epm% 8 6  28 5 57 .4 5 4  2 .7 39 31 4 26 9 
2 1 23 1 3 1 0  8 48 838 ppm 21  42. 5  1 90.2 26 2 20. 3 286.8 1 65 .3  1 36. 1 
epm 1 1 3 6  8 .3  0 .7 1 3. 54 0 .3  4 .7 3 .4 3. 8 1 2. 32 
epm% 7 8  26 2 61 . 1  5 2.8 38.2 28 31 . 1 
22 24 3020 8 37 1 933  ppm 25.9 57 8 452.6 40 2 27.5 307 .5  2. 1 7 1 9.6 
epm 1 3 4 8  1 9.6 1 26.82 0.5 5 0 20 3 25 81 
e£m %  4. 8 1 8  73. 4 3 .8  1 .8 1 9. 5  0.2 78.5 
23 26 920 8 45 589 ppm 23 .4 50 8 96. 3  3 1 . 1  1 9.9 2 18 .7  79. 3 1 07.5 
epm 1 2 4 .2  4 .2  0 .8 1 0. 39 0 .3 3.6 1 . 7  3 8 57 
epm% 1 1 . 3  40 8 40. 3  7 .7  3. 5 4 1 . 9  1 9 . 3  35 .4 
24 28 4000 8. 1 3  2560 ppm 1 1 7  1 96. 9 346. 8 1 44 . 5 8.4 1 26.4 806.4 1 0 1 6. 5 
epm 5 9  1 6 4 1 5. 1  3 .7  4 1 .05 0. 1 2. 1 1 6.8  28.6 47 64 
epm% 1 4 3 40 36 7 9 0 .3 4 .4 35.3 60. 1 
25 29 2750 8 3  1 760 ppm 73.6 1 32 8 264. 2 92.6 1 3.2 1 5 1 .9 449.2 544 
epm 3.6 1 1  1 1 1 . 5 2. 4 28.61 0.2 2. 5 9 .4 1 5. 3  27 39 
epm% 1 2. 9  36 7 40 2 8 3  0.8 9. 1 34.2 55.9 
26 30 3720 7 56 238 1 ppm 73.5 1 70.2 394 1 34 . 1 2 1 . 5  279.5 698.8 720.6 
epm 3 .7  1 4 2 1 7  1 3 4  38 .43 0 .4 4.6 1 4.6 20.3 39 8 
epm% 9 6  36. 9  44 6 8 .9  0 .9  1 1 . 5  36.6 5 1 . 1  
27 31 2060 7 77 1 3 1 8  ppm 5 1 . 4  1 06 .6 208.2 70.4 8.4 1 64. 1 242. 4  387 . 4  
epm 2.6 8 9  9. 1 1 .8 22. 31  0. 1 2. 7 5. 1 1 0. 9  1 8.79 
pm% 1 1  5 39. 8_ '-----4QJ> __ 8. 1 0.7 14 .3  26.9 58. 1 - -
-
� 
Ser.  No. Well  No. EC pH TDS Untis Ca++ Mg++ Na+ 
28 32 3890 8 24 2490 ppm 97 1 1 85 387 4 
epm 4 9  1 5 4 1 6. 8  
epm% 1 1 . 9 37 9 4 1  4 
29 33 36 1 0  7 7  23 1 0  ppm 1 00 9 1 8 1  1 353. 4  
epm 5 1 1 5  1 1 5 4  
epm% 1 3  38 9 39 6 
30 35 1 1 50 7 8  736 ppm 28 . 7  43 1 48 8 
epm 1 4 3 6  6 5  
epm% 1 1  7 29 5 53 1 
K+ Sum Cat. C03- HC03-
1 39.6 1 6 . 7  1 88 .4  
3 .6  40.7 0 . 3  3. 1 
8 .8  0.6 7 
1 27 9 8.4 1 84 . 7  
3 3  38.79 0 . 1  3 
8 . 5  0 . 3  7 .5  
26. 8 1 4. 3  1 94 . 4  
0. 7 1 2. 1 8  0 .2  3.2 
5.6 '---_1.3 30.2 -- -
S04-
557 
1 1 .6 
26.3 
698. 2 






1 032. 3 
29 
66 
8 1 1 . 5 
22. 9 
56 . 3  
1 79.3 
5. 1 
47 . 9 
Sum Ani . : 
44 05 
40 57 




Ser. No. Wel l  No. F Sr Cr Fe 
1 1 0 . 85 1 .59 0 . 1 8  0.00 
2 2 3.24 1 6.35 0.03 0. 1 2  
3 3 0.52 1 . 58 0.07 0.00 
4 4 0.68 1 . 87 0 . 1 0  0 .04 
5 5 0.27 0.94 0.05 0.00 
6 6 0.64 4.42 0 . 0 1  0.03 
7 7 0.35 1 .4 1  0 .05 0.03 
8 1 0  1 .65 4.69 0 . 04 0.06 
: 9 1 1  1 . 52 5 . 58 0 . 00 0. 1 2  
I 1 0  1 2  1 .42 5.29 0.05 0.00 
1 1  1 3  4.64 1 1 . 95 0 .03 0.07 
1 2  1 4  1 . 00 4.27 0 .00 0.30 
1 3  1 5  0.64 1 .24 0.05 0.04 
1 4  1 6  1 . 87 3 .95 0 . 1 0  0 . 1 0  
1 5  1 7  0.55 1 . 1 0  0 . 04 0.09 
1 6  1 8  0.61 1 . 1 2  0 . 1 0 0.03 
1 7  1 9  2.04 4.25 0 . 0 1  0.00 
1 8  20 0.52 1 . 75 0 . 00 0. 1 0  
1 9  2 1  0.45 0 .88 0 . 07 0.00 
20 22 0 . 5 1  0 . 96 0 . 00 0.33 
21 23 0.59 0 . 9 1  0 . 1 1  0 . 1 4  
22 24 1 .6 1  3 . 25 0 .03 0.07 
23 26 0.35 0 . 7 5  0 . 0 1  0 . 09 
24 28 1 .48 7 . 1 5 0.04 0.07 
25 29 0 .86 4 . 06 0 . 1 6  0.03 
26 30 1 . 35 5 .05 0 .05 0.01  
27 3 1  0.68 2.69 0 . 0 1  0 . 0 1  
28 32 1 . 32 5.22 0 . 03 0.06 
29 33 1 .29 5 .27 0.08 0. 1 0  
30 35 0 .44 0.9 1 0 . 1 2  0 .03 
Zn Cu Co 
0. 1 5  0 . 1 1 0.00 
0. 1 6  0 .08 0.08 
0.31  0.05 0.02 
0. 1 7  0 . 1 8  0.00 
0.04 0.08 0.00 
0.32 0 . 1 4  0.00 
0.09 0 . 1 0  0.03 
0 . 1 6  0 . 1 0 0 .05 
2. 1 8  0 . 1 1 0.00 
0.45 0.07 0.05 
0. 1 2  0 .03 0. 1 1  
0.02 0 . 1 8  0.05 
0.03 0 .00 0.03 
0.04 0.07 0.00 
0. 1 0  0.00 0.03 
0.04 0 . 04 0 .05 
0.42 0. 1 2  0.00 
0. 1 9  0 .03 0.02 
0 . 1 1 0.04 0.03 
0 .06 0.04 0.05 
0.08 0 . 03 0.05 
0.09 0.23 0.03 
0.00 0 .08 0 . 1 2  
0. 1 6  0.05 0.03 
0.09 0 . 03 0.00 
0 . 1 8 0. 1 0  0.08 
0.07 0.08 0.1 1 
0 .04 0. 1 4  0.06 
0.05 0 . 1 2  0.05 


























0 . 1 4  
0.09 











2 . 1 8  
1 1 .69 
1 0 . 1 6  
1 0. 86 
5.23 
1 .90 
1 .8 1  
2.76 
1 .63 
1 . 53 
39. 1 4  
1 .70 















A P P E N D I X  ( '  
( '0 1 1 1  p a  r is c l I I  h d w t'cn 
t he co ncen t ra t i o n s  of s o m e  m aj o .· a n d  t ra c e  c h e m i c a l con s t i t ue n ts 
i n  A I  A i n  G r O U l u l w a  t e r  d u  r i n g  F e lJrua ry 1 995 
w i t h  the \V I I O ( 1 97 1 )  s t a n d  .. rt l s fo r d r i n l< i n g  wa t e r  
1 49 
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Ul 0 
. . . , . . . . . 
, . . . . . .  . . 
0 0 
' 0  . . .  . .  . . 
Ul 0 
. . .  , . 
I\) 0 0 



























1 9  
2 1  
2 2  
29 
� 92 CD 30 
9 1  
Z 69 
C 70 3 93 0-
CD 4 6  ..., 97 
98 
4 1  
88 
1 7  
1 8  
20 
2 3  
2 4  
2 7  






7 1  
72 





























. .  
. .  . ,  . .  . . 
Concentrat ion in m i l l i grams per l i ter 
. . .  . .  . . .  . . .  . .  
. .  . . .  
o 
o 
. . .  
. .  
. . .  
. . 
. .  . .  
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